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NATURAL PHILOSOPHY 


BOOK I 

GENERAL PROPERTIES OF MATTER, AND 
UNIVERSAL ATTRACTION 


CHAPTER I 

PRELIMINARY NOTIONS 

I, Definition of physics.—The word physics is derived from 
the Greek <pv<ris, nature ; for the ancients understood by the term 
physics the study of the whole of nature. They comprised within 
the domain of this science mechanics, astronomy, chemistry, botany, 
zoology, medicine, and even astrology and divination, whether by 
the stars or by the observation of physiognomy. 

The province of physics is now more restricted. Its object 
may be considered to be the study of those phenomena which do 
not depend on changes in the composition of bodies ; for these belong 
to chemistry. 

Thus, when water by cooling is changed into ice, and when 
this ice by being heated is again changed into water, the liquid is 
exactly the same as before: not merely are all its properties the 
same, but its volume is identical with what it originally was. The 
passage of water to the state of ice, and the return of the latter to 
the liquid state, are physical phenomena. In like manner, when a 
brittle object, one of porcelain or of glass, for instance, falls to the 
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ground and breaks, each piece retains exactly the same chemical 
composition. The fall of the vessel and its fracture are, then, 
physical phenomena 

On the othei hand, when wood burns, its substance is com¬ 
pletely modified It consists of several different forms of matter, 
and is decomposed one part of its elements passes into the 
atmospheie in the form of gas and vapour, while another is left as 
a residue consisting of ash and chaicoal In short, the substance 
we know as wood has disappeared, and is lcplaced by others which 
are entirely different The combustion of wood is accordingly a 
chemical phenomenon 

2 Matter, mass, density.—We understand by the term matter 
whatevei can affect one or more of our senses that is to say, any¬ 
thing the existence of which can be recognised by the sight, touch, 
taste, smell, or hearing 

The mass of a body is a quality inherent m each body and 
independent of its state of rest oi of motion, as well as of its 
position in reference to other bodies , the mass lesults from the 
quantity of matte> contained in the body Different substances 
may contain very different quantities of matter in the same \oIume 
It will subsequently be shown, for instance, that, for equal \olumcs, 
lead contains nearly ele\ en times as much matter as water, and 
gold nineteen times as much This is expressed by saying that 
lead and gold are respectively eleven and nineteen times as 
dense as water When one body has, for the same volume, twice 
or thnee the mass of another, it is said to be twice or thrice as 
dense , and the density of one substance in reference to another is 
the number which expi esses how much matter the first body 
contains as compared with the second 

By various modes of investigation it has been ascei tamed that 
all the various forms of matter with which we are acquainted may 
be resolved into about seventy different kinds, which are called 
simple substances or elements , to express that each only contains 
one kind of matter. Many of these are very rare, and are found 
in very minute quantities others are more widely diffused, and 
have important uses but are not abundant, and the great mass of 
our globe is made up of about fourteen—the non-mctalhc bodies , 
or metalloids , oxygen, hydrogen, nitrogen, silicon, carbon, sulphur, 
phosphorus, and chlorine ; and the metals aluminium, potassium, 
sodium, calcium, magnesium, and iron. 

Very few of these elements occur in nature in the free state ; by 



3 


- 4 ] 


Simple and Compound Substances 


far the greater number of the substances we know are compound: 
that is, are formed by the union of two, three, or four of these 
elements. Thus, water consists of hydrogen and oxygen ; sand, of 
silicon and oxygen ; salt, of chlorine and sodium; wood, of carbon, 
oxygen, and hydrogen ; marble, of carbon, oxygen, and calcium ; 
muscular tissue, of carbon, hydrogen, oxygen, and nitrogen. The 
number of substances containing more than four elements is very 
small. 

The force in virtue of which different substances unite to 
form compounds, and which opposes the separation of compounds 
into their elements, is called the force of chemical attraction or 
affinity. 

This force is exerted between bodies with different degrees of 
intensity. Thus, if we mix finely powdered vermilion, a compound 
of sulphur and mercury, with iron in a fine state of division, and 
heat the mixture, we shall find that the iron combines with the 
sulphur, forming a new compound, the sulphide of iron or iron 
sulphide, while the mercury is set free. We are thus led to con¬ 
clude that the chemical attraction between iron and sulphur is 
greater than that between mercury and sulphur. So, too, if a strip 
of zinc is placed in a solution of copper chloride, the greenish-blue 
solution of this substance becomes after a time colourless, and a 
red powder, seen at once to be metallic copper, is deposited. 
Here the zinc, having a greater attraction for the chlorine than the 
copper, expels the coppei from the copper chloride, forming zinc 
chloride, which is colourless and remains in solution, and sets free 
the copper. 

3. Simple and compound substances.-—If we take the substance 
"known as red precipitate and expose it to the action of heat, we 
shall find it ultimately resolved into a bright white liquid metal, 
which is easily recognised as mercury, and into a gas in which 
bodies will burn as in air, but with far greater brilliancy. This 
gas is known as oxygen. By the further application of heat, or, 
indeed, of any other physical agent, to either of these substances, 
we can get from mercury nothing but mercury, and from oxygen 
nothing but oxygen. We are entitled in the present state of our 
knowledge to regard these as simple or elementary forms of matter, 
and they are spoken of as elements. 

4. Atoms. Combining weights.—If we mix together sulphur 
and iron, each in a fine state of division, we may do so in any 
proportion ; if we apply a magnet to the mixture it will remove the 
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pwticles of iron and leave the sulphur; or if we treat the mixture 
with carbon bisulphide it will dissolve out the sulphur and leave 
the iron unaltered ; w can, in short, by physical means separate 
the two constituents, but if we heat the mixture tin two substances 
combine to form a new compound. different in profterties fmm its 
Constituents; the sulphur can no longer lx* dissolved out, nor can 
the iron be withdrawn by a magnet. The compound formed is 
iron sulphide, and if it be examined it will atwavx lie found to 
contain iron and sulphur in the ratio of seven pans by weight of 
iron to four of sulphur, and if either of the substance •> lx tn excess, 
however great, of these proportions, the excess could be removed by 
purely physical means, leaving the iron sulphide unaltered ; and we 
cannot get the constituents from the non sulphide except by 
circuitous chemical processes. 

In the present state of our knowledge it is assumed that the 
divisibility of matter is not infinite ; that if we vis»-tl methods of 
division far more perfect than those now at our disposal, »r should 
arrive at a certain limit whic h could not be passed, mi. a: the atom 
which could be conceived as being unpenetrable, on (impressible, 
tncxpansible,and as possessing a definite weight, who hi harac tenses 
it. When an atom enters into combination with the atom of amuhei 
body it does so only with this weight, or an integral multiple 
of it. This is called the atomte wttgkt, or combining weight of 
the element. Thus, that of hydrogen is i, carbon <a, oxygen 16, 
silver 108, gold IV7 

5. Molecules, — Matter in the form presented to us is made up 
of groups, each containing two or more atoms which are called 
molecules. Chemical forces can resolve molecules into atoms ; 
physical forces operate only on the molecule as a whole. With 
most elements the molecule consists of two atoms. The molecule 
of a compound substance is an aggregate of the atoms of us con¬ 
stituents. Two atoms of hydrogen and one of oxygen unite to 
form a molecule—not an atom—of water; the molecule of marsh 
gas consists of four atoms of hydrogen and one of carbon. 
Sulphuric acid contains one atom of sulphur, four of oxygen, and 
two of hydrogen in the molecule. 

Neither the molecules nor the atoms are accessible to direct 
observation. They are of almost inconceivable minuteness, yet, by 
various trains of reasoning from known phenomena, it has been 
possible to arrive at an approximate determination of their sire. 
Thus, it has been calculated that a cubic millimetre of water, which 
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is about (he sue of a pin's head, would contain a number of mole¬ 
cules equal to the cube of a million : that is, a number approximately 
represented by unity followed by eighteen zeros. Even in gases, 
where the number is far smaller, there arc under ordinary condi¬ 
tions not less than go trillions of molci ules in a mbit centimetre. 

To form an idea of the degree of the sue of the molecules Lord 
Kelvin gives this illustration :•—* Imagine a (hop of ram, or a glass 
sphere the sue of a pea, magnified to the sue of the earth, the 
molecules in it being increased in the same piojrurtton. 'lhe 
structure of the mass would then be coarser than that of a heap of 
tine shot, but ptobably not so coarse as that of a heap of cricket 
1 sills.’ 

6 lotermolecular Spaces. Ether. If »c tvrl a pull in oppo¬ 
site directions on the two ends of a rod, the ioc! is lengthened, 
ind when picssure is applied it is shonemd , the volume of 
a Ixxly is increased by a rise, and is lessened by a fall, in 
temperature. Such facts as thfse are best explained by supposing 
tb.it the molecules of which a 1««K is built up are not m actual 
contact Again, if we mix equal volumes of alcohol and water 
the volume of the mixture is less than the sum of the volumes 
ot .is constituents, and when a salt is cbssohitl in water there is no 
< in responding increase in volume The most natural interpreta¬ 
tion of these factsisth.it the molecules of each substance penetrate 
into the intei slices of the other 

Hence, on the basis of these and other facts, it is assumed that 
the molecules of all bodies, the hardest and the densest, are at 
nppietuble distances from each other, which distances may be 
increased ot diminished b) the influence ut external physical forces, 
without the; molecules themselves being altered The space by 
whn h the motec ules are scjsiraied are spoken of as ittUrmoUiufor 
'/ao'l, and the forces between the molecules are known as mote* 
tuku font’s, winch art only at almost infinitely small distances. 

It is further assumed that the miemtolecular spaces of all 
troches, the softest and the hardest, the lightest and the heaviest, 
the celestial spaces and (he most perfect vai uum attainable, are 
filled by a subtle, perfectly clastic, incompiessible fluid of extreme 
tenuity, which is known as the tthcr. 

Wc shall afterwards sec that sound is transmitted in gases by 
a vibratory motion of the particles of air (171), and. in like man- 
nei, it has been made out that light and radiant heat are transmitted 
hy a state of vibration of this ether. Kecent discoveries also 
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have established the fact that electricity is transmitted through 
ether in the same way ; the difference being in the rapidity of 
the vibratory motion. Whether the ether has other functions or 
not cannot at present be determined. The ready explanation of 
luminous and electric phenomena which the hypothesis of this 
ether furnishes, is the justification for assuming its existence. 

7, Different states of matter. —All substances present cha¬ 
racters in virtue of which they may be divided into three distinct 
classes— solids, liquids , and gases. 

The particular form which matter assumes—whether solid, 
liquid, or gaseous—depends on the extent Jo which it is influenced 
by the force of molecular attraction, which tends to bring the 
molecules nearer each other, and also upon its temperature, the 
effect of rise of temperature being as a rule to force the molecules 
further apart. 

Solids , such as wood, stones, metals, etc., are substances 
which are more 01 less liaid, and retain the form which they 
possess naturally or which has been given them by an. In 
solids the molecules have very little freedom of motion. They 
are capable of vibrating, but cannot move away from one part of 
the substance to another. 

Liquids , such as water, oil, mercury, me bodies which have no 
hardness,and present but little resistance when a lxxly is immersed 
in them ; they have no shape of their own, hut at once take that of 
the vessels in which they arc contained, in which they have a free 
surface; they are virtually incompressible. The molecules are 
able not only to vibrate, but to move freely past each other- from 
one part of the mass to another. 1 

Gases, such as hydrogen, oxygen, carbonu acid, are also called 
aeriform fluids, from their analogy with our air, which is a mixture 
of oxygen and nitrogen. They are very light btxlies ; excepting a 
small number, which are coloured, they are invisible ; and hence a 
vessel filled with air, hydrogen, or any colourless gas, appears quite 
empty. Like liquids, they have no shape of their own, but, unlike 
liquids, they have no free surface and are eminently compressible 
and expansive. In gases the molecules dart about freely in all 
directions, each molecule moving in a straight line until its direction 
is altered by an encounter with another molecule or the side of the 
containing vessel. Attraction between neighbouring molecules is 
only experienced when they come very close together in an 
encounter. Sometimes it is said that the continual tendency of a 
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gas to expand is due to a mutual repulsive action between the 
molecules. It is not, however, necessary to assume any such 
repulsion. Gases are continually tending to occupy a larger 
space. This property will be described as the expansibility of 
gases (120). 

There are many bodies which can exist in all these three dif¬ 
ferent forms. Thus, water, exposed to great cold, becomes solid in 
the form of ice ; at ordinary temperatures it is liquid, while at higher 
temperatures it becomes a gas. Sulphur, iodine, and several of the 
metals, such as mercury and zinc, present the same phenomena. 
Most substances, how^yer, especially compound bodies, are not 
capable of existing in more states than one, since, by a sufficient 
increase of temperature, the)’ are decomposed. 
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CHAPTER II 

GENERAL PROPERTIES OF BODIES 

8. Extension.—By general properties we understand those 
which are common to all bodies, whether solids, liquids, or gases : 
such, for instance, are extension , impenetrability, divisibility , 
porosity, compressibility , elasticity, inertia, and gravity. 

Specific properties are such as we observe only in certain bodies, 
or in certain states of these bodies ; solidity , fluidity, tenacity, 
malleability , colour , hardness, etc., are properties of this class. 

The first general property of bodies with which we are concerned 
is their extension or magnitude : that is, that every body occupies a 
certain space. A 11 bodies, even the smallest atoms, have a certain 
extension. 

Extension considered in only one direction, that of length, gives 
a line ; m two directions, length and breadth, a surface ; and, in 
the three directions, length, breadth, and thickness, a volume. 

With respect to the above general properties, it may be re¬ 
marked that impenetrability and extension might be more aptly 
termed essential attributes of matter, since they suffice to define it; 
and that divisibility, porosity, compressibility, and elasticity do not 
apply to atoms, but only to bodies or aggregates of atoms. 

9. Impenetrability.—This is the property in virtue of which 
one portion of matter occupies space to the exclusion of all other. 
Strictly speaking, this property only applies to the atoms of bodies. 

In many phenomena bodies appear to penetrate each other, 
Thus, if a piht of water and a pint of alcohol be mixed together, the 
volume of the mixture is less than two pints. A similar contraction 
occurs in the formation of certain alloys ; for instance, brass, which 
is an alloy of copper and zinc, occupies a less volume than the 
,.united volumes of its constituents. 

f4 This penetration is, however, only apparent, and is due to an 
alteration in the position of the molecules ; they come nearer 
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each other, and the space occupied by the molecular pores is 
diminished. 

A nail driven into wood is not a true case of penetration. The 
molecules of the wood are driven apart by the nail, but wherever it 
has penetrated there is no wood. When water is poured upon a 
heap of sand, it at once disappears ; the water, however, does not 
penetrate the substance of the sand itself, but merely fills the 
space between the grains. 

If we plunge the hand in water the liquid moves away and 
gives place to the hand. 

When a glass tumbler is dipped into water with the mouth 
downwards, the volume of air inside diminishes ; this experiment 
proves that air is compressible, but not that it is penetrable. 

If a glass funnel finely drawn out be fitted in the neck of a 
bottle, water cannot be poured into the bottle, for the enclosed air 
cannot escape. In casting iron, the moulds must have air-holes to 
allow the air to escape. 

to. Divisibility.—This is the property which all bodies have 
of being divided into distinct parts. 

Numerous examples may be cited of the extreme divisibility of 
matter. 

A piece of carmine not larger than a grain of corn gives a 
distinct colour to two gallons of water ; from which it can be de¬ 
duced that this small quantity of colouring matter cannot contain 
less than ten million particles. 

Blood is composed of red, flattened globules floating in a colour¬ 
less liquid called serum. In man the diameter of one of these 
globules is less than the 3,500th part of an inch, and the drop of 
blood which might be suspended from a point of a needle would 
contain about a million of globules. 

By dissolving in alcohol a known weight of fuchsine, and 
diluting the liquid, it was observed that a solution containing not 
more than o - oooooo02, or, as it may conveniently be written, 0-0.2, 
of a gramme in one cubic centimetre had still a distinct colour : 
that is, that a weight of not more than the one fifty-two-millionth 
of a gramme can be perceived by the naked eye. As the molecular 
weight of this substance is 337 times that of hydrogen, it follows 
that the weight of an atom of hydrogen cannot be greater than 
the one 20,000-millionth of a gramme. 

Still greater is the divisibility of some bodies possessing an 
odour. The tenth part of a grain of musk will continue for years 
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to fill a room with its odoriferous particles, and at the end of that 
time will scarcely be diminished in weight. According to the ex¬ 
periments of Kreil, a cubic centimetre of asafcetida can furnish 
1,200 billion distinct particles. 

II. Porosity. —The intermolecular spaces,, sometimes called 
molecular pores, of which we have spoken (6), cannot be distin¬ 
guished by even the most powerful 
microscopes. They are not to be 
confounded with the small tubes or 
channels which we can see by the 
naked eye in such substances as 
sponge, pumice stone, etc., and in 
others, such as in animal or vege¬ 
table fibres, by the use of a moderate 
magnifying power ; these form actual 
cavities across which molecular 
forces cannot act, and are spoken 
of as pores, and porosity is the pro¬ 
perty which bodies possess of having 
visible pores. Porosity of this kind 
is not a universal property of matter 
—it is absent in glass, for instance. 

The existence of sensible pores 
may be shown by the following ex¬ 
periment, which is known as the 
mercury rain. A long glass tube, A 
(fig. i), is provided with a brass 
cup, m, at the top, and a brass foot 
made to screw on to the plate, P, 
of an air-pump. The bottom of the 
cup consists of a thick piece of 
leather, o. After pouring mercury 
into the cup so as entirely to coverthe 
leather, the air-pump is worked, and 
a partial vacuum produced in the tube. As a consequence a shower 
of mercury is at once produced within the tube, for the atmospheric 
pressure on the mercury forces that liquid through the pores of the 
leather. In the same manner water or mercury may be forced 
through the pores of wood, if the leather in the above experiment 
be replaced by a disc of wood cut perpendicularly to the fibres. 
When a piece of chalk is thrown into water, air-bubbles at 
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once rise to the surface, in consequence of the air in the pores or 
the chalk being expelled by the water. The chalk will be found 
to be heavier after immersion than it was before, and from the 
increase of its weight the volume of its pores may be deduced. 

12. Applications of porosity.—The property of porosity is fre¬ 
quently utilised, more especially in the process of filtration. This 
consists in clarifying liquids by freeing them from particles of 
matter which they hold in suspension , as is done, for instance, with 
river-water, which is turbid, owing to the earthy matter it carries 
along with it. 

The apparatus used for this purpose are called filters , and 
are usually constructed of unsized paper, felt, charcoal, etc. The 
pores of these substances are sufficiently large to allow liquids to 
pass, but small enough to arrest the particles held in suspension. 

Fig. 2 represents a simple form 
of filter. It is a conical felt bag, 
suspended by three cords, into which 
is poured the turbid liquor, which 
slowly traverses the potes, while 
all the solid particles to which the 
turbidity is due remain behind on the 
filter. This method is well adapted 
for clarifying syrups, jellies, and 
liqueurs. 

Layers of powdered wood-char¬ 
coal are also used for filtration. A 
layer of sand or of broken glass pro¬ 
duces the same effect. The clear¬ 
ness of deep-well water is due to 
its filtration through thick strata of 
earth. 

13. Compressibility.—This is the property which bodies possess 
of being diminished in volume by pressure without undergoing any 
loss of mass. Being due to the approach of the molecules towards 
each other, it is both a consequence and a proof of the existence of 
intermolecular spaces. 

Compressibility is very marked in sponge, india rubber, cork, 
pith, paper, cloth, etc. The volume of these substances is con¬ 
siderably diminished by mere pressure between the fingers. The 
compressibility of metals is proved by the impression which they 
receive from the die, in the process of coinage. There is, in most 
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cases, a limit beyond which, when the pressure is increased, solids 
are fractured or reduced to powder. 

The compressibility of liquids is so small as to have remained 
for a long time undetected; it may, however, be proved by ex¬ 
periment, as will be seen in the chapter on Hydrostatics 
(84). 

The most compressible bodies are gases, which by pressure may 
be made to occupy ten, twenty, or a hundred times less space than 
under ordinary circumstances. The great compressibility of gases 
may be demonstrated by means of a glass tube with very thick 
sides closedatone end,and provided with a tightly fitting solid piston 
(fig. 3). The enclosed air cannot escape, 
and yet, when the handle of the piston is 
pressed, it can be moved down to one- 
half or to three-quarters the length of the 
tube ; proving that the volume of the air 
is reduced to half or a quarter what it 
was originally. 

14. E lasticity.— Elasticity i s the pro¬ 
perty which bodies possess of resuming 
their original form or volume, when, after 
having been compressed, bent, twisted, 
or pulled, the force which altered them 
has ceased to act. 

The elasticity of the body is measured 
by the resistance which it opposes to any 
force or stress tending to deform it. 
Four kinds of elasticity may be distin¬ 
guished :—(1) that exhibited by gases 
and liquids when the applied stress is a 
pressure ; (2) the elasticity of flexure or 
bending, exhibited by springs ; (3) that of 
torsion or twisting, which is developed 
in linen or cotton threads when they are untwisted ; and (4) the 
elasticity of tension or stretching, which is that of piano or violin 
strings when they are stretched. 

Whatever be the kind of elasticity, it is always due to a displace¬ 
ment of the molecules. If the molecules have been brought nearer 
by pressure^ heat tends to separate them ; if, on the contrary, 
they have been separated, molecular attraction tends to bring 
them near each other again. If a piece of whalebone be bent, the 
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molecules in the concave part, being compressed, repel each other; 
in the convex part, where they are separated, they tend to approach 
each other ; both these actions concur, therefore, in straightening 
it as soon as it is free. 

Gases and liquids are perfectly elastic in the sense that they 
regain exactly their original volume when the pressure to which 
they have been subjected is removed. But if elasticity is measured 
by the stress (pressure) required to produce a given deformation 
(in this case a given diminution of volume), we must regard liquids 
as having much greater elas¬ 
ticity than gases, since they are 
much less compressible. Solid 
bodies present different degrees 
of elasticity ; for example, glass, 
steel, ivory, marble, are highly 
elastic ; lead, clay, and fats pos¬ 
sess scarcely any elasticity, 

India rubber has wide limits 
of elasticity. An india rubber 
string may be stretched to two 
or three times its length, and 
regain its original length when 
the tension is removed. Hut 
when stretched beyond a certain 
point or stretched often, it is 
permanently altered. Glass is 
much more elastic than india 
rubber, but its elastic limits are much narrower; except in very 
thin strips or fine threads, it will not bend far without breaking. In 
gases and liquids, on the contrary, no such limit can be reached : 
they always regain their original volume when the original condition 
of pressure is restored. 

The difference between the elastic limits of steel and wood may 
be seen by bending to the same extent two similar strips of those 
substances ; when released the steel reverts at once to its original 
straight form, whilst the wood is permanently curved. 

The elasticity of solids may be shown by the following experi¬ 
ment : On a slab of polished black marble, thinly smeared with 
oil, an ivory ball is allowed to drop from gradually increasing 
heights. Each time it will rebound and rise to a height a little less 
than that from which it fell, after having formed on the layer of oi 1 
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a circular impression which is larger the greater the height of the 
fell (fig. 4). From this we conclude that the ball was flattened 
each time, and that it rebounded in consequence of the reaction of 
its compressed molecules. 

15. Illustrations of elasticity.—Numerous illustrations of the 
property of elasticity may be mentioned. It is owing to their 
elasticity that corks are used for closing bottles. When they are 
forcibly pushed into the neck they become compressed, and then, 
their elasticity causing them to press against the sides, they com¬ 
pletely close the neck. When the string of a cross-bow is stretched 
its elasticity is brought into play, and the velocity imparted to 
the bolt when the string is released represents the work done in 
stretching it. 

Children’s balls depend upon the elasticity of gas : they are 
made of india rubber, and are inflated by air ; when they strike 
against the ground, or against a wall, their 
volume diminishes, and the air which they 
contain being suddenly compressed, expands, 
and, acting like a spring, makes the ball 
rebound. A similar application is met with 
in air-cushions. They aie made of an air¬ 
tight material, and, being inflated by air, are 
both compressible and elastic, and thus form 
a very soft seat. 

The use of carriage and of watch and 
clock springs depends upon the elasticity of 
steel. In like manner the elasticity of wool, 
hair, feathers, is made use of in mattresses, 
pillows, and scats. The strong spiral steel 
springs in the buffers of railway carriages are 
further illustrations. 

The letter weight (fig. 5), the construction 
of which will be at once understood, is an 
application of elasticity ; the dynamometer (fig. 8) also depends on 
the elasticity of a steel band. 

It is, lastly, in consequence of their elasticity that piano, guitar, 
or violin strings are capable of being made to vibrate, which, as 
we shall show, is the origin of the sounds which stringed instru¬ 
ments yield. 
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CHAPTER III 

MOTION AND FORCE 

16 . Rest and motion. —A body is said to be at rest when it 
remains in the same place ; to be in motion when it passes from 
one place to another. Both rest and motion are either absolute or 
relative. 

Absolute rest would be the entire absence of motion. No 
such condition, however, is known in the universe ; for the earth 
and the other planets rotate both about the sun and about their 
own axes, and therefore all the parts composing them share this 
double motion. Even the sun itself has a motion of rotation which 
excludes the idea of absolute rest. 

Relative or apparent rest is the condition of a body which 
appears fixed in reference to surrounding objects, but which really 
shares with them a double motion. For instance, a passenger in a 
railway carriage may be in a state of relative rest with respect to 
the train in which he travels, but he is in a state of relative motion 
with respect to the objects (fields, houses, etc.) past which the train 
rushes. These houses, etc., again, enjoy merely a state of relative 
rest, for the earth itself which bears them is in a state of incessant 
relative motion with respect to the celestial bodies of our solar 
system. 

The absolute motion of this passenger would be that measured 
in regard to a fixed point in space ; this, however, cannot be 
realised, for we know no such point. In short, absolute motion 
and rest are unknown to us : in nature, relative motion and rest 
are alone presented to our observation. 

17. Different kinds of motion.—Motion is either rectilinear 
or curvilinear : rectilinear when the moving body travels along a 
straight line, as when a body falls to the ground ; curvilinear when 
it goes along a curved line, as in the case of a horse turning, in a 
mill. 
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Each fend of motion is either uniform or varied. 

18. Uniform motion. —Motion is said to be uniform when the 
moving body passes over equal spaces in equal intervals of time : 
such, for instance, as the motion of a water-wheel when it makes 
exactly the same number of turns in a minute. Such, again, is the 
motion of a hand of a watch. 

The velocity of a moving body is the space traversed by the 
body in a given time, a second or an hour, for example. A bullet 
which, fired from a gun, passes through 1,200 feet in every second 
is said to have a velocity of 1,200 feet per second. A train which 
moves 30 miles in each successive hour is said to have a velocity 
of 30 miles an hour, or 44 feet per second. 

19. Varied motion. —Varied motion is that in which unequal 
spaces are traversed in equal times. If the spaces traversed in the 
same time go on increasing, the -motion is said to be accelerated ; 
such is the motion of a train starting from a station : if the spaces 
decrease, as in the case when a train comes into a station, the 
motion is retarded. 

If a body moves in such a way that the velocities gained by it 
in equal times are equal, its motion is said to be uniformly accele¬ 
rated ; if, on the other hand, its velocity diminishes in proportion 
to the time, the motion is uniformly retarded. We shall soon see 
examples of these kinds of motion in the case of falling bodies. 

20. Inertia.— Inertia is a purely negative property of matter ; 
it is the incapability of matter to change its own state of motion or 
of rest. 

Daily observation shows that a body never spontaneously passes 
from a state of rest into one of motion. Bodies in falling to the 
ground seem to set themselves in motion. This is, however, not in 
consequence of any inherent property; but, as we shall afterwards 
see, because they are acted upon by the force of gravity. 

Not merely do bodies at rest persist in a state of rest, but bodies 
when put in motion by the action of any force continue to move. 
This principle may seem less obvious than the former, because 
we are accustomed to see bodies gradually move more slowly, 
and ultimately stop, as is the case with a billiard-ball, for ex¬ 
ample. 5 But this is not due to any inherent preference for a state 
of rest on the part of the billiard-ball, but because the motion 
originally imparted to it is impeded by the friction of the doth on 
■which it rolls, and by the resistance of the air. The smaller these 
resistances, the more prolonged is its motion ; as is observed, for 
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instance, if a ball be set rolling on a smooth sheet of ice. If all 
impeding causes could be removed, such as friction against the 
supports and the resistance of the air, a body once in motion would 
continue to move for ever. Only in the case of the heavenly bodies 
are such conditions met with. 

21. Effect* due to inertia.—Numerous phenomena may be 
explained by the inertia of matter. For instance, before leaping 
a ditch we run towards it, in order that the motion of our bodies 
at the time of leaping may add itself to the muscular effort then 
made. 

On descending carelessly from a carriage in motion, the upper 
part of the body retains its motion, whilst the feet are prevented 
from doing so by friction against the ground ; the consequence is 
we fall towards the moving carriage. 

If a man, in running, strikes his foot against an objtacle, he is 
apt to fall forwards, because the rest of his body tends to 
retain the motion it has acquired. When a horse at full gallop 
suddenly stops, if the rider does not sit tight with his knees, he is’ 
thrown over the horse's head, in virtue of his inertia. A grindstone 
only gradually acquires its full speed, but then continues its motion 
even after the force has ceased to act. 

The terrible accidents on our railways are chiefly due to inertia. 
When the motion of the engine is suddenly stopped, by a train 
leaving the line for instance, the carriages strive to continue the 
motion they had acquired, and in doing so are shattered against 
each other. 

The action of projectiles is another case. When a bullet 
traverses a wall, it is owing to its tendency to retain the velocity 
which the explosion of the powder had imparted to it. In the 
action of hammers, and of pile-driving, we have analogous cases. 

A coin is laid on a card which covers a wide-necked bottle ; on 
flipping or snatching the card away the coin drops into the bottle ; 
the motion of the card is so rapid that it is not imparted to the 
coin. A bullet fired against a window-pane makes a clean hole in 
it, while the pane is smashed by a less violent blow. So, too, a 
bullet can be shot through a board placed vertically without over¬ 
turning it, for which otherwise only the smallest force might be 
needed. 

The actions of beating a coat with a stick to expel dust; of 
shaking the snow from our shoes by kicking against the door-post; 
of cleaning a dusty book by striking it against another, all depend 

c 
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on inertia. Driving a hoop, spinning a top, and other toys are 
further illustrations. 

22. Force, resistance.— Bodies being of themselves inert, 
and having no tendency to change their state either of rest or 
of motion, any cause capable of making them pass from a state 
of rest to one of motion, or conversely from a state of motion to 
one of rest, is called a force. 

The attraction exerted between the molecules of bodies and the 
muscular action which men and animals bring into play aTe forces ; 
magnetic and electric attractions and repulsions are forces ; 
gravity is a force, as is also the elasticity of gases and vapours, 
which we shall subsequently deal with. 

The forces which tend to resist or destroy motion are called 
resistances. Thus, when a man drags a burden along the ground, 
the friction of the burden against the ground acting against the force 
due to his muscular action is a resistance. 

When force is applied to a body motion of the body will ensue, 
unless the applied force is balanced by an equal force acting in the 
opposite direction. The weight of a book resting on a table is a 
force acting vertically downwards which is exactly balanced by the 
reaction of the table acting vertically upwards. When a body is 
not supported, gravity causes it to fall vertically with uniform 
acceleration, which at the same place is constant for all bodies and 
is called g. In general, when a force P is applied to a body of 
mass m, and causes that mass to move with acceleration a, we have 
the relation P ■= ma. If the force acting is the weight of the tody, 
the acceleration is g, and the formula becomes W - mg. 

23. Friction .— Suppose a wooden box, A, the bottom of which 
is planed smooth, to be placed on a wooden table, B, also smoothly 
polished, and that to the box is fastened a string which passes 
over a pulley, C, and to it is attached a scale-pan, D (fig. 6). If 
the box be loaded so that the total weight is roo ounces, for 

instance, it will be found 
that weights must be 
added to the scale-pan 
until the total weight is 
about 50 ounces, in order 
to move the box in a 
horizontal direction along 
6 ‘ the table. If the total 

weight of the box he 200 ounces, the weight required to move it 
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will be too ounces. If the table were a perfectly smooth polished 
iron plate, and the bottom of the box were shod with the same 
material, a weight of only 30 ounces would be sufficient to move 
the box. 

The resistance which is thus offered to motion is called friction. 

The surfaces of bodies are never perfectly smooth ; even the 
smoothest possess roughnesses which cannot be detected by the 
touch or by ordinary sight; and friction consists in the fact that 
the body must be raised over these obstacles or must break them 
down. They fit in each other as if they were toothed wheels. 

The number which tells what proportion of the total weight 
must be applied simply to overcome friction is called the co¬ 
efficient offriction. Thus, the coefficient of friction between polished 
wooden surfaces is, as we have seen, about one half, between 
polished iron suifaces about one third, and so on. The friction 
between two substances of the same kind is greater than that 
between two different ones which have different structures. 

Friction is of two kinds : sliding , in which one body slides over 
another, as in the above case, or when a box is dragged along a 
floor—it is least when the tw-o surfaces are always in contact, as in 
the motion of an axle in its bearing ; and rolling friction, as when 
a cylindrical body moves over a horizontal surface, like an ordinary 
wheel on a road. In cycles the axles are made to play on ball 
bearings so as to diminish friction. 

In all machines, part of the work is expended in overcoming 
the unavoidable resistance due to friction ; it is thereby converted 
into heat (313), and thus becomes useless. To lessen this friction, 
the surfaces in contact are rubbed with substances, usually of a 
fatty nature, which fill up the inequalities and make the surfaces 
smooth. Moisture and oil increase the friction of wood, for they 
ai e absorbed by it; while tallow, soap, and blacklead lessen it. Oil 
and lard lessen the friction of metallic surfaces. Rolling friction is 
less than sliding friction, hence the use of castors on pianos and 
other heavy furniture, and of rollers placed under large blocks of 
stone or trunks of trees. This, however, is not always so ; thus a 
sledge experiences less friction on snow than a carriage, for in this 
case the w'heels sink, and friction on the sides results. It is some¬ 
times desirable to increase friction, as when ashes or sand are 
strewn on ice, or on an inclined railway after rain, or when 
a violin bow is rubbed with resin ; again, rolling is sometimes 
changed into sliding friction, in order to increase it, as when a drag 
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is applied to a wheel. The friction of carriage-wheels is less the 
greater the diameter of the wheel, and the less that of the axle. 

The work done in moving goods along a level road consists in 
overcoming friction. On a good road the friction amounts to a 
twentieth, and on iron rails to a two-hundredth part of the load ; 
so that a horse or an engine can draw ten times as much on the 
latter as on the former. 

Friction is independent of the extent of the surfaces in contact 
if the pressure is the same. Thus, suppose a board with a surface 
of 12 square inches resting on another board to be loaded with a 
weight of one pound. If this load be distributed over a similar 
board of 24 square inches surface, the total friction will be the 
same, for while the friction per square inch is one-half, the 
pressure on each square centimetre is one-balf of what it was 
before. So, too, a rectangular stone experiences the same friction 
whether it is laid on the narrow or on the broad side. 

Without friction on the ground neither man nor animals, 
neither ordinary carriages nor railway carriages, could move ; with¬ 
out friction motion could not be transmitted by bands from one 
machine to another ; without it no liook would remain on a desk, 
no nail could be fixed ; and without it we could hold nothing in 
the hands. 

Gases also, and still more liquids, offei frictional resistance to 
motion. If it were not for the resistance offered by the air, a hail¬ 
stone half an inch in diameter, falling from the height of a mile, 
would have a velocity of over 400 feet in a second, or that of a 
pistol bullet, whereas its actual velocity is probably not more than 
one-twelfth of this amount. 

In a descent made by the aeronaut Sire! in a parachute (168) 
he took forty-five minutes to fall through a height of 5,900 feet ; 
apart from friction by the air, the time required as calculated from 
the laws of falling bodies would have been nineteen seconds, so 
that the rate of falling was only of what it would be in a 
vacuum. 

For moderate velocities the friction varies approximately as 
the square of the velocity ; for greater velocities more nearly as 
the cube. 

It is this resistance which so greatly increases the difficulty and 
cost of attaining very high speeds in steam-vessels, to which must 
be added the production of waves on the surface and of eddy 
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Without friction no knot could be made, and no woven or 
knitted fabric would hold together. Friction enables us to form 
long threads or ropes from the comparatively short fibres of cotton 
or hemp j for it is the friction due to the twisted fibres which 
keeps the materials together. A violin bow is rubbed with resin, 
so that by increasing the friction against the strings it may put 
them in motion. 

34.. Distinctive characters of force*. —Three things are to be 
distinguished in every force—the point of application, the direction, 
and the intensity. 

The point of application of a force is the point at which it exerts 
its action. Having attached a cord to a sledge, as shown in fig. 7, 
the point of application of the force active along it is the point A, 
at which the cord is actually attached. 

The direction of a force is the right line along which it urges 
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or tends to urge the point of application. In fig. 7, the cord AB 
represents the direction of the force. 

The intensity of a force is its magnitude, or value, in reference 
to a certain standard In fig. 7, which represents a horse drawing 
a cask on a sledge, a certain exertion of force is required on the 
part of the horse ; if the sledge were loaded twice or thrice as much, 
the force required must be twice or thrice as great. 

Forces which only act for a very short time on a body, as in the 
case of an impact or the explosion of gunpowder, are called instan¬ 
taneous forces or impulses ; those which act throughout the whole 
of the movement are called continuous. These are not two kinds 
of forces, but simply two modes of action of forces. 

25. Measurement of force. Dynamometer.— The force which 
is exerted in pushing or drawing a body is measured by the 
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numbex of pounds necessary to produce the same pull; so that a 
force is said to be a force of 40 or 50 pounds, when it can be re¬ 
placed by the action of a weight of 40 or 50 pounds. 

The weight which thus represents the intensity of a force is 
determined by means of the dynamometer. There are several 
forms of this instrument, one of the simplest being that represented 
in fig. 8. It consists of a V-shaped plate of tempered steel, AB. At 
one end of the arm B is fixed an iron arc. «, which passes freely 
through an aperture at the end of the arm A. To this latter is 
fixed an arc, m, fitting in the same manner in the arm B. The 
arc m is provided at the end with a crook, and n w ith a ring, and 



on the latter, n, there is a graduation obtained in the following 
manner :— 

The apparatus being fixed to a resisting support, weights of I, 2, 
3, 4, or more pounds are successively suspended to the crook. The 
arm B, supported by the arc n, remains fixed, while the arm A, 
being moved by the weight attached to die arc m , is lowered to an 
extent dependent on the weight. The load is gradually increased 
until it has reached the utmost limit possible without breaking, care 
being taken at each load to mark a line on the arc n at the point 
at which the arm A stops. 

In order to apply it to the measurement of forces—to estimate, 
for instance, the effort necessary to drag a load (fig. 9)- the crook 
of the arc m is fixed to the load ; then, holding in the hand the ring 
of the arc n, it is pulled until the load is moved. The bending of 
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the arm A marks on the arc n the value in pounds of the effort of 
traction. 

In this way, for instance, the pull exerted by a horse in drawing 
a plough may be measured by attaching one end to the plough 
and the other to the whipple-tree. The amount of pull in average 
soil and average depth of ploughing may be taken at about five 
hundredweights.- In like manner, the friction of steel upon smooth 
ice has been determined by a skater holding in his hand a spring 
balance attached to a cord by which he was drawn along by a 
second skater. At starting the spiral showed a pull of to to it 
pounds, but during the motion this varied from 2 to 4 pounds. 
As the weight of the skater was 136 pounds., the coefficient of fric¬ 
tion during the motion was ^ to or 1-5 to 3 per cent. 

The apparatus described (fig. 8) may also be used instead of a 
balance to determine the weight of bodies. 



A form of dynamometer used to test the muscular strength of 
the hands is represented m fig. to. It is an elliptical steel spring 
which is pressed between the hands : the motion thus produced is 
transmitted by means of a rackwork 10 a small toothed-wheel 
which moves an index over a scale. This index moves a second 
one, which stops at the division attained, and remains there after 
the compression has ceased. 

Salter's Spring Balance is another form of dynamometer. It 
consists of a stiff spiral of wire like a corkscrew, fixed at its upper 
end and carrying below a hook for suspending weights, and a 
pointer which moves over a graduated scale. As the elongation of 
the spring is proportional to the stretching force, the amount of the 
latter may be read off from the uniformly graduated scale. 

26. Resultant and component forces.— When a body is acted 
upon by only a single force, it is dear that, if it is not hindered by 
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any obstacle, it will move in the direction of this force ; but if it is 
simultaneously acted upon by several forces in different directions, 
its own direction will not, speaking generally, coincide with that of 
any one of these forces. If two men, for example, on the opposite 
banks of a river, tow a boat by means of ropes, as shown in fig. 11, 
the boat follows neither the direction AB nor the direction AC, 
in which these men are respectively pulling, but takes an inter- 
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mediate direction, AE ; that is, it moves as if it were acted upon 
by a single force m the direction AE. 

As the single force, which we conceive as having the direction 
AE, produces the same effect as the forces of traction of these 
two men, it is called the resultant of these two forces ; and, con¬ 
versely, these, in reference to their resultant, are spoken of as the 
components. 

27. Value of the resultant of two concurrent forces. Paral¬ 
lelogram of forces. —When two forces havmg different directions 
are applied to the same point of a laxly, as represented in fig. 11, 
there is a very simple ratio between their intensities and that of 

their resultant, which is of 
great importance from the 
number of its applications. 

It will first of all be 
necessary to define the word 
parallelogram., of which we 
shall make us*. The paral¬ 
lelogram is a geometrical figure, whose opposite sides are equal 
and parallel <fig. 12)—that is, the two lines AB and I)C are equal 
and parallel, and also the lines AD and BC. These lines form 
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the sides of the parallelogram, and the points A, B, C, D, the 
angles. The diagonal is the line AC, joining two opposite angles 
A and C. 

In treatises on mechanics, proofs are given of the following 
important theorem, which is known as the -principle of the paral¬ 
lelogram offorces. 

When two forces 
applied at the same 
point A (fig. 13) are 
represented, in direc¬ 
tion and in magni¬ 
tude, by the sides AB 
and AD of the paral¬ 
lelogram A B C D, 
their resultant is 
represented both as 
to its direction and 
magnitude by the 
diagonal AC of this 
parallelogram. 

That is, that the 
point A being simul¬ 
taneously acted upon by two fotces, whose directions and intensities 
are respectively represented by AB and AD, moves in the direction 
AC exactly as if it were acted upon by a single force, the direction 
and intensity of which are represented by the line AC. 

Frequent applications are met with of the principle of the 
parallelogram of forces. Thus, in the flight of a bird, when the 
wings strike against the air, a resistance is offered which is equal 
to impulsive forces from hack to front in the direction AH and AK 
(fig. 14); hence, representing by AB and AD the intensities and 
directions of these impulsive forces, if the parallelogram be com¬ 
pleted, we shall find that the resultant, or the single force which 
makes the bird advance, is represented in direction and magnitude 
by the diagonal AC. The same reasoning applies to the swimming 
both of men and of fishes. 

28. Another effect of the parallelogram of forces. —We have seen 
that, in accordance with the principle of the parallelogram of forces, 
two forces applied at the same point of a body may be reduced to 
a single one. By the aid of the same principle, a single force 
applied to a body may be considered to be replaced by two other 
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forces producing together the same effect as the first. This force 
is then said to be resolved into two others. 

It is but seldom indeed that the action of a force is entirely 
utilised ; it may almost always be considered as decomposed 

into two otheis, only 
one of which pro¬ 
duces a useful effect. 
Thus when the wind 
blows against the 
sails of a vessel, not 
quite directly, but a 
little on one side, as 
shown in fig. 15, the 
effect of the wind in 
the direction va may 
be considered to be 
resolved into two 
others, one in the 
direction ea, and the 
other in a lateral 
direction la, of which 
F ‘s- the first moves the 

vessel. The second only guides it. 

29. Canes in which the forces are parallel. Value of the 
resultant—In the case of the boat drawn by a rope (fig. x x), the 
forces were concurrent —that is, their directions, if produced, would 
meet in one point; but it may happen that the forces applied to 
the same body are parallel, and then two cases present themselves : 
that is, they either act in the same direction, as in the case of two 
horses drawing a carriage ; or they may act in opposite directions. 
When a steamer, for instance, ascends a river, the current acts in 
opposition to the force which urges the steamer. It can be proved 
that in the first case the resultant of the forces is equal to their 
sum ; and that in the second it is equal to their difference. 

Thus, if the speed of a Rhine steamer is 10 miles an hour, and 
the velocity of the current is 2\ miles an hour, then the steamer 
will gp ‘with the current at the rate of i2\ miles, and against it at 
the rate of 7| miles an hour. 

/ 30. ‘Equilibrium of forces.—When several forces act upon a 

’. ' body at the same time, they do not always put it in motion ; it may 
happen that while some of these forces tend to produce motion in a 




2 ; 


_ 30 ] Equilibrium of Forces 

certain direction, the others tend to produce an equal motion in 
the opposite direction. It is clear that in this case, since the forces 
just neutralise each other, no effect can be produced. Whenever 
several forces applied to the same body thus mutually neutralise 
each other, we have what is called equilibrium. 

The simplest case of equilibrium is that of two equal and op¬ 
posite forces applied at the same point of a body. For instance, 
if two men pull at a cord with the same intensity, one in one direc¬ 
tion, and the other in the opposite one, equilibrium will be produced 



rig. 15 

(fig. 16). In like manner, if, in a well, two buckets of the same 
size, each full of water, are suspended at the end of a rope which 
passes round a pulley, the weight of one holds the other in equi¬ 
librium. 

The bodies w'hich we consider ordinarily to be in a state of rest 
are really in a state of equilibrium. Fm instance, when a body 
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tests on a table, there is equilibrium between the force of gravity, 
which tends to make the body fall, and the resistance which the 
table offers to the fall. If the weight of the body exceed this re¬ 
sistance, equilibrium is destroyed, the table is broken, and the body 
falls. 
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31. Centrifugal force.—The force to whioh curvilinear motion, 
or motion in a circle, is due, is called centrifugalforce. It may be 
explained as follows. Whenever a body has been put in motion 
in a particular direction, it tends, owing to its inertia, always to 
move in this direction. Hence, whenever a body is seen to move 
in a circle, this can only be due to some new force which 
deviates it. In fact, since a curved line may be considered to 
consist of a series of infinitely small straight lines, the moving 
body, owing to its inertia, always strives to follow the prolonga¬ 
tion of the small straight line, or tangent ', which it traverses 
at any given moment. It tends then to retain its motion in a 
straight line, and to fly from the curve which it is compelled to 
describe. This action is called the centrifugal force , from two 
Latin words which signify ‘ to fly from the centre.’ Thus, when a 
stone in a sling is swung round and one end (fig. 17) is let go, 
the stone, being no longer held, flies off in a tangential direction. 

It must, however, be observed that the term centrifugal force , 
though justified by usage, is not, strictly speaking, correct ; it is 
not a physical force, having a distinct existence of its own, but is 
a fictive one which conveniently designates the effect of the inertia 
of bodies; indeed the effect is not properly centrifugal, since it 
consists in a motion tangential to the circle. 

The production of centrifugal force in circular motion may be 
demonstrated by means of the apparatus represented in fig. 18. 
On a brass frame All is stretched a stout brass -wire, on which are 
slid two ivory balls which can move freely along the wire ; the balls 
being arranged as shown in the figure, the frame is rapidly rotated 
by means of the turning-table. The balls, projected by the centri¬ 
fugal force, glide along the wire, and strike the ends with the greater 
force the greater the velocity of rotation. 

32. Effects of centrifugal force.—The centrifugal force is greater 
the greater the velocity, and the more marked the curvature of the 
line §jjpng which the movable body passes. It is indeed propor¬ 
tions to the square of the velocity, and is inversely as the radius 
of the circle described. This is easily observed by swinging in a 
circle a ball attached to a string: the more rapid the velocity 
of rotation the greater is the pull on the hand. For this reason, 
railways should be as straight as possible, for, since the trains have 
a great velocity, the centrifugal force is continually tending to 
throw them off as they move along a curve, and the more so the 
Sharper the curve, Chi railways where there are sharp curves die 
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outer rails are always higher than the inner ones. Skaters, too, in 
describing circles on ice, offer a resistance to centrifugal force by 
inclining the body inwards. 

Owing to centrifugal force the mud which adheres to the wheels 
of a carriage moving along a muddy road is thrown off as soon as 
the centrifugal force is greater than that force 
which causes the mud to adhere to the rim. In a 
circus, the horses and their riders always incline 
their bodies towards the centre, and the greater 
the speed the greater their inclination. The 
object of this is to allow their weight to counteract 
the influence of the centrifugal force, which would 
throw them off if they stood upright. 

In sugar-refineries, centrifugal force is applied 
in removing syrups from crystallised sugar. The 
sugar is placed in a cylindrical vessel made of 
wire gauze, which is put in rapid rotation. The 
centrifugal force scatters the coloured syrup 
through the meshes of the gauze, while the solid 
crystals arc left behind colourless and pure. The 
same principle is applied in drying gun-cotton, 
and also in drying yarns in dye works and clothes 
in large laundries. A wet mop made to turn 
quickly about its own handle as an axis throw s the 
water off on all sides, and quickly dries itself. 

A hoop trundled along the ground may move 
for a long time before falling ; but if we attempt to 
keep it upright while in a state of rest, it at once 
falls. The reason of this is that while in motion, if it inclines to one 
side, the inclination causes it to describe a curved line, whence 
arises a centrifugal force which opposes the fall of the hoop—at 
any rate, so long as it retains a sufficient velocity. 

If a bucket containing water suspended by a cord is spang 
round with sufficient rapidity in a vertical circle, the water does 
not fall out even when the bottom is uppermost, for the centrifugal 
force is, in the conditions named, greater than gratify. s 

33 - Flattening of the earth at the poles. —One of the most 
remarkable effects of centrifugal force *is the flattening of the 
earth at the two poles. To explain this phenomenon we must 
premise that the earth, which is nearly spherical in form, rotates 
about an imaginary axis passing through its two poles, and that in 
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this rotation all points on the surface have not the same velocity, 
seeing that they do not describe the same paths in the same 
time. For, at the equator, they describe every twenty-four hours 
a circumference equal to that of the earth ; on the other hand, 
points taken at increasing distances from the equator gradually 



describe smaller and smaller circles, while points at the poles have 
no such motion. Hence, owing to the daily rotation about the 
earth’s axis, a centrifugal force is produced which is greatest at the 
equator, and gradually diminishes up to the poles, where there is 
none at all. Owing to this inequality in the strength of the centri¬ 
fugal force, there must arise an accumulation of matter about the 
equator, especially if, as geologists con¬ 
sider, the earth was originally in a state 
of fusion. 

It has, in fact, been ascertained by 
direct determination (66) that the radius 
of the earth at the poles is less than 
that at the equator by about the 
latter, or 13J miles. A similar flattening 
has been observed in other planets. 

To demonstrate this bulging at the 
equator and flattening at the poles, use 
is made of the apparatus represented in 
fig. 19. It consists of an iron rod, which 
may be fixed upon a turning-table 
instead of the piece AB (fig. 18). At 
the bottom of the rod are fixed fouT thin, elastic, metal strips, 
which are joined at the top to a ring which can slide up and down 
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the rod. The apparatus being then put in rapid rotation, the upper 
ring slides down the rod, to an extent depending on the rapidity of 
the rotation ; and if this is sufficiently rapid, the separate impres¬ 


sions of the indi¬ 
vidual strips coalesce 
into a single one 
which presents the 
appearance of a solid 
ellipsoidal figure. 

This flattening of 
the earth at the poles, 
and bulging at the 
equator, may also be 
easily illustrated with 
an actual liquid by 
means of an experi¬ 
ment of Plateau. The 
apparatus for this pur¬ 
pose consists of a 



Fit. 30 . 


cubical glass vessel, in the lid of which is a handle to which a rod 


is attached (fig. 20). The vessel contains dilute alcohol, and a 


small quantity of oil is introduced at the end of the rod by means 
of a suitable pipette. The oil is of the same specific gravity as the 
mass of liquid, and it forms a sphere which is quite stable 
(fig. 21, a). 



a. b 

Kip. 21. 


If such a sphere is formed about the end of the wire, and this 
ts turned, tire oil is set in rotation, and the flattening is very marked 
(fig. 21, b). If the speed is increased, a mass of oil is detached and 
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fcrms about the central nucleus a concentric ring which suggests 
that of die planet Saturn (fig. 21, c). 

LEVERS 

34. Mechanics. Machines. —Mechanics is the science which 
treats of forces and of motion. Several forces being applied to 
the same body, it indicates the relation which must exist between 
them in order to produce equilibrium, or in order to produce a 
given effect. 

Any apparatus which is used to transmit or direct the action of 
a force is a machine. When an apple is cut with a knife, the 
knife is the machine which transmits the force of the hand. The 
water-wheel and windmill are machines which utilise and direct 
the force of the watercourse and the wind respectively. 

Machines cannot increase the energy of any source. The useful 
effect of a machine can net er exceed that of the mechanical effort 
applied to it : whatever is apparently gained m power by a machine 
is lost in distance or in time. By modifying the action of the 
source of energy, however, a machine renders it capable of per¬ 
forming work which could not otherwise be done. For instance, 
by the aid of a lever, a man can raise weights which without such 
help would be quite impossible. By means of a crane a man 
can even raise a locomotive weighing as much as twenty tons. 
Machines are either simple or compound. 

The simple machines are the lever, the wheel and axle, the 
pulley, the inclined plane, the wedge and the screw. All com¬ 
pound machines are modifications of these. 

In reality there are only two essentially different machines—the 
lever and the inclined plane ; the wheel and axle and pulley are 
modifications of the former, while the screw and the wedge depend 
on the principle of the latter. We shall only describe here the 
lever, the simplest of all machines, and its modification, the wheel 
and axle. The balance, which is an example of the lever, will be 
treated later (50). 

35. Levers. —A lever is a rigid bar of wood or of metal movable 
about a fixed point or edge, called the fulcrum ; and subject to the 
action of two forces which tend to move it in opposite directions. 
The applied force is called the power, and the other the resistance. 
Levers are divided into three classes, according to the different 
positions of the power and resistance in reference to the fulcrum. 
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A lever of the first kind is one in which the fulcrum is between 
the power and the resistance. Fig. 22 represents one of this kind’, 
in which the power Q is exerted at B, the resistance P acts at A 
while C is the fulcrum. 



v 

Fig. 22. 


A lever oj the second kind has the resistance between the 
power and the fulcrum, as in fig. 23. 

A lever of the third kind is one in which the power is 



Fig. n. 


applied between the resistance and the fulcrum, as represented in 

fitf. 24. 

In these different kinds of levers, the distances from the fulcrum 
to the power and to the resistance are called the arms of the 
lesser. In fig. 22, for instance, the arm of the power is the 

D 
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distance from C to B, and that from C to A is the arm of the 
resistance. 

36. Conditions of the equilibrium of levers.—It may be shown 
that the effect produced by a force by means of a lever increases 
with the length of the arm upon which it acts : that is, if the arm 
is twice, thrice, or four times as long, the useful effect is two, three, 
or four times as great This is what led Archimedes to say that, 
give him a fulcrum, and he would lift the world. 

Since a force produces a greater effect the longer the arm of 
the lever, it follows that in order to produce equilibrium between 



Fig- 24 


the power and the resistance, acting at the same time on a lever, 
if the arms are equal, the two forces themselves must be equal, 
and that if the arms of the lever are unequal, the two forces must 
be inversely as the amts of the lever ; thus, if the power is one-third 
that of the resistance, the arm of the power should be three times 
as long as that of the resistance. 

In a lever of the third kind the power roust be always greater 
than the resistance, for the distance of the resistance P from the 
fulcrum AC (fig. 24) is always greater than the distance BC from 
the power B to the fulcrum. In a lever of the second kind the 
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power is always smaller than the resistance* for the arm 8C is 
longer than the arm AC (fig. 23). These properties are expressed 
by saying that in a lever of the third kind there is a loss of power, 
and in one of the second kind a gain. In a lever of the first kind 
there may be either gain or loss, or they may just balance each 
other, for the arm BC of the power (fig. 22) must be either greater 
or less than, or equal to, the arm AC. 

37. Various applications of levers. —Numerous applications of 
the different kinds of levers are met with in articles of everyday 



Fig. 35. 


use. The ordinary balance (fig. 41) is a lever of the first kind, as 
is also a pump-handle. Scissors are another instance : each 
handle is a lever, the fulcrum of which is the pivot C ; the power 
is applied by the hand, and the resistance is that offered by the 
material to be cut (fig. 25). 

Among levers of the second class may be enumerated the oar 
of a rowing boat; the power is applied by the hands of the rower, 
the resistance is at the rowlock, while the fulcrum is situated at 
the end of the blade of the oar where it is in contact with the water. 
The knife fixed al one end, and used in slicing roots or cutting 



Fig. 76. 


bread, is a lever of the second kind. Nut-crackers (fig. 26) 
afford a third illustration, as also does the common wheel¬ 
barrow. 

When two porters carry on a pole a load placed midway 
between them, they share it equally—that is, each bears half—for 
the pole becomes a lever, of which each porter is a fulcrum 
as regards the other; but if the load be nearer one than the 
othei, he to whom it is nearer bears proportionally more of its 
weight. 
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The consideration of this kind of lever explains why a finger 
caught near the hinge of a shutting door is so severely crushed. 

The third kind of 
lever is less frequently 
met with. The pedals 
used in grindstones are 
instances. In the latter 
case the pedal consists 
of a wooden board AC 
(fig. 27) forming a lever. 
The fulcrum is at C, on 
a bolt fixed to the 
frame ; the power is 
the foot, B, of the man 
turning, and the resist¬ 
ance, which is the 
motion to be trans¬ 
mitted to the wheel, is 
applied at A by means 
of a rod joined to a 
crank in the centre of 
the stone. 

In the common fire- 
tongs each leg is a lever 
of the third kind. The hand of a man pushing open a gate while 
standing near the hinges, moves through much less space than 
at the end of the gate, and must exert, therefore, 
a proportionally greater force. In some methods 
of determining the coefficient of expansion of a 
metal bar, the very small motion of the bar is 
multiplied by an arrangement of this kind. 

Numerous and most beautiful instances of 
levers are met with in the muscular system of 
men and animals, most motions of which are 
effected by levers of the third kind. Thus, in 
cracking a nut by the teeth the resistance is that 
offered by the nut, the fulcrum is the articulation 
of the jaw, while the muscle is the power. 

The biceps muscle, by contracting to a very slight extent, can 
move the hand through a yard or more. A contraction of about 
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an inch of the muscles of the hip gives a man’s step a length of 
four feet. 

The wheel and axle (fig. 28) is an application of the lever. 
A rope to which the power P is applied passes round a groove in 
the circumference of the wheel, while another rope, which supports 
the weight Q, is coiled in the opposite direction round the axle. 
Thus the power is to the weight as the radius of the wheel is to that 
of the axle : that is, if the radius of the wheel is four times that of 
the axle the power can sustain four times its own weight. 
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CHAPTER IV 

GRAVITATION 

38. Universal Attraction. —It is stated that Newton, seeing an 
apple fall from a tree, was led by this circumstance to reflect upon the 
cause Vvhy bodies fell to the ground, and ultimately to the discovery 
of the important laws which govern the motion of the earth and of 
the stars. 

They may be thus stated :— 

1. All bodies in nature exert a reciprocal attraction upon each 
other at all distances, in virtue of which they are continually tending 
towards each other. 

2. For the same distance the attraction between bodies is pro¬ 
portional to their masses. 

3. The masses being equal, the attraction varies with the dis¬ 
tance, being inversely proportional to the square of their distances 
asunder. 

To illustrate this, we may take the case of two spheres, which 
attract each other just as if their masses were concentrated in their 
centres. If, without any other alteration, the mass of one sphere 
were doubled, trebled, etc., the attraction between them would be 
doubled, trebled, etc. If, however, the mass of one sphere being 
doubled that of the other were increased three times, the distance 
between their centres remaining the same, the attraction would be 
increased six times. If, finally, without altering their masses, the 
distance between their centres were increased from 1 to 2, 3, 4 . . . 
units, the attraction would be diminished to the 4th, 9th, 16th, . . . 
part of its original amount. 

39. Gravitation.—The term gravitation is applied more 
especially to the attraction exerted between the heavenly bodies. 
The sun, being that member of our planetary system which has the 
largest mass, exerts also the greatest attraction, from which it 
might seem that the earth and the other planets ought to fall into 
the sun in consequence of this attraction. This would indeed be the 
case if they were only acted upon by the force of gravitation ; but, 
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owing to their inertia, the original impulse which they once received 
constantly tends to carry them away from the sun The result is 
that the planets describe curves round the sun which are almost 
circular, their tendency to move along a straight line being con¬ 
stantly controlled by the attraction which the sun exerts upon them. 

40 Gravity. — It is a matter of common observation that all 
bodies on the surface of the earth fall to the ground when not 
supported This is what we mean by saying that bodies possess 
weight The force in virtue of which bodies fall is called gravity. 
It is a particular care of universal attraction, and is due to the 
reciprocal attraction exerted between the earth and bodies placed 
on its surface , it acts equally upon all bodies, whether they are at 
rest or in motion—whether they are solids, liquids, or gases Some 
bodies, such as clouds and smoke and balloons, appear not to be 
influenced by this force, for they rise in the atmosphere instead of 
sinking , ytt this is no exception to the action of gravity, but is 
due to the fact that air possesses weight, and produces on bodies 
linmeised in it a buoyancy which is sometimes equal to, and some¬ 
times greater than, the effect of gtavity 

Gravity, being a particular case of universal attraction, acts 
upon bodies proportionally to their mass and inversely as the square 
of then distance that is, a body which contains twice or thrire as 
much matter as anothei is attiacted by the earth with a twofold or 
threefold force, or, in other words, ueighs twice or thrice as much 
In like manner, if one and the same body could be moved to twice 
or thrice its present distance from the centre of the earth, it would 
have one fourth or one ninth of its present weight We say the 
centre , and not the surface , of the earth ; for it is demonstrated in 
treatises on mechanics that the attiactive force of the earth which 
causes bodies to fall must be calculated from its centre, being the 
same as it w'ould be if the whole mass of the earth were concen¬ 
trated at its centre 

From the magnitude of the earth’s radius, which is about 4,000 
miles, all bodies on its surface maybe considered to be virtually at the 
same distance from the centre, and we may therefore conclude that 
their difference in weight is merely- due to their difference in mass. 

41. The weight of a body increases from the equator to the 
poles. —The magnitude of the force which makes bodies fall is not 
exactly the same at all points of the earth’s surface Two causes 
make it increase from the equator to the poles the daily rotation 
of the earth about its axis and the flattening at the poles For the 
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rotation of the earth gives rise to a centrifugal force acting from 
the centre to die surface—that is, in the opposite direction to the 
force of gravity. Hence, bodies are continually acted upon by two 
forces in opposite directions : the force of gravity, which draws them 
towards the centre, and the centrifugal force, which tends to drive 
them away from it. So that it is really the excess of the first force 
over the second which makes bodies fall. But as the centrifugal 
force decreases from the equator towards the poles (33), the excess 
of gravity over this force becomes greater, and thus the weights of 
bodies increase as they come nearer the poles. 

The flattening of the earth concurs in producing the same effect; 
for, in consequence of it, bodies on the surface of the earth are 
at the poles 13J miles nearer the centre than they are at the 
equator, and are therefore more attracted. It must be added that 
the increase in weight due to the joint effect of these two causes is 
very small—thus, a weight of 1,000 at the equator would be 1,003 
in our latitude and 1,005 at the poles. It cannot be detected by 
ordinary balances, for gravity would act both on the weight and 
on the body to be weighed. A body suspended, however, to a 
delicate spring balance would indicate slightly different weights, 
according as it was nearer to or further from the poles, or according 
as it was at a greater vertical distance above the earth. 

42. Vertical and horizontal lines. —At any point of the earth’s 
surface the direction of gravity—that is, the line which a falling 
body describes—is called the vertical line. The vertical lines drawn 



at different points of the earth’s surface converge very nearly to 
the earth’s centre. Hence, owing to the great distancj from the 
surface of the earth to its centre, these verticals may be assumed 
to be parallel for points on the surface, a and b (fig. 29), not far 
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apart; but they are less parallel the further apart the points, as 
shown by the verticals a and d. For points situated on the same 
meridian the angle contained between the vertical lines equals the 
difference between the latitudes of those points. 

At each point on the surface of the earth, a man standing 
upright is in the direction of the vertical. But, as we have just seen, 
this direction changes from one place to another, and the same is 
the case with the position of the inhabitants of the various countries 
on the earth. As the earth is spherical, it follows that at two points 
exactly opposite, two men will be in inverted positions in reference 
to each other ; from which is derived the term antipodes (opposite 
as regards the feet) given to two diametrically opposite places or 
to the inhabitants of such. 

A plane or a line is said to be horizontal when it is perpendicular 
to the direction of the vertical. The surface of water in a state of 
equilibrium is always horizontal. In speaking of the level (99) we 
shall learn how the horizontahty of any surface or line is deter¬ 
mined. 

43. Plumb-line.—The vertical line at any point of the globe is 
generally determined by the plumb-line os plummet (fig. 30), which 
consists of a w eight attached to the end of a flexible 
string. In obedience to the action of gravity, this 
weight draws the string in the direction of this 
force, and when it is at rest the string is in the 
vertical direction, which is that of a heavy body 
falling freely, and therefore of gravity. To ascer¬ 
tain by aid of the plumb-line whether a given 
surface—a wall, for example—is vertical, a small 
metal plate is used, the side of which is equal to 
the diameter of the weight. In the centre of this 
plate is a small hole, through which passes the 
string. Holding in one hand the plate and in the 
other the string, the edge of the plate is pressed 
against the wall : if the weight just touches it, the 
wall is vertical ; if the cylinder does not touch the wall, it shows 
that the wall is inclined inwards ; it is inclined outwards if the 
weight touches the wall when the plate is a little removed from it. 

44 - Weight of a body. — The weight of a body is the sum of 
the partial attractions which the earth exerts upon each of its mole¬ 
cules. We must again distinguish between the weight and the mass 
°f a body (22). The latter is constant, while the weight depends 
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on the greater or less distance of the body from the earth. Thus, 
at a distance of four times the earth’s radius from the centre, a ball 
which on the surface weighed a pound would only weigh an ounce, 
while if we conceive it fired in that position from a gun it would 
have the same penetrative power as if fired with the same velocity 
on the earth. The weight of a body must increase with its mass ; 
that is, if it contains twice or thrice as much matter, its weight 
must be twice or thrice as great. The weight of a body is not to 
be confounded with gravity : this is the cause which produces the 
fall of bodies ; the weight is only the effect. We shall presently 
see how weight is determined by means of the balance : the force 
of gravity is measured by the aid of the pendulum. 

45. Centre of gravity.—We have seen that all the partial attrac¬ 
tions which the earth exerts upon each of the molecules of a body 
are equivalent to a single force, which is the weight of a body. 
Now, it is shown in mechanics that, whatever be the shape of 
any body, there is always a certain point through which this single 
force, the weight, acts, in whatever position the body be placed in 
respect to the earth ; this point is called the centre oj gravity of 
the body. 

To find the centre of gravity of a body is a purely geometrical 
problem ; in many cases, however, ii can be at once determined. 
For instance, the centre of gravity of a straight piece of wire is 
its middle point; in the case of a circular lamina and of a sphere 
it coincides with the geometrical centre ; in cylindrical bars it is 
the middle point of the axis ; in a square or a parallelogram it is 
at the point of intersection of the two diagonals. These rules, it 
must be remembered, presuppose that the several bodies are of 
uniform density. 

46. Experimental determination of the centre of gravity.-- 

The centre of gravity of a body may also be found by experiment. 
When its weight is not too great, it is suspended by the string in 
two different positions ; the centre of gravity of the body is neces¬ 
sarily below the point of suspension, and therefore in the prolonga¬ 
tion of the vertical cord which sustains it. If, then, in two different 
positions, the vertical lines of suspension be prolonged, they cut 
one another, and the point of intersection is the centre of gravity 
sought. The centre of gravity of a body is not necessarily in the 
mass of a body itself—thus, in a shell it would be in the centre of 
the hollow space. 

)n the case of thin, fiat substances, like a piece of cardboard or 
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a sheet of tinplate, the centre of gravity maybe found by balancing 
the body in two different positions on a horizontal edge ; for in¬ 
stance, sliding them near the edge of a table until they are ready 
to turn in either direction (fig. 31). The centre of gravity is 
then on the line 
ab. Seeking, in 
a similar manner, 
a second position 
of equilibrium, in 
which the line 
of contact is cd ,, 
for instance, the 
centre of gravity 
must necessarily be 
on both these lines 
—that is, must be 
at the point of their intersection, g ; or, more accurately, a little 
below this point, in the interior of the body, and an equal distance 
from its two faces. 

If the body be thicket, 
three positions of equilibrium 
must be found ; the centre of 
gratify is then at the point 
of intersection of the three 
planes passing vertically 
through the lines of contact 
when the body is in equi¬ 
librium. 

47. Equilibrium of heavy 
bodies.—As the centre of 
graiity is the point where the 
whole action of gravity is 
t oncentvated, it follows that 
whenever this point rests 
upon any support, the action 
of gravity is counterbalanced, 
and therefore the body re¬ 
mains in equilibrium. There 
are, however, several cases, *■ l *- 

according as the body has one or more points of support. 

Where the body has only one point of support, equilibrium is 
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only possible when the centre of gravity either coincides with 
this point or is exactly above or below it in the same vertical 



fig 


line ; for then the action of gravity is 
balanced by the resistance of the fixed 
point through which this force passes. 
The plumb-line (fig. 30) is a case of 
this kind, the centre of gravity being 
below the point of support. Another 
example is the case of a stick balanced 
on the finger, as seen in fig. 32, in 
which the letter g indicates the posi¬ 
tion of the centre of gravity exactly over 
the point of support. As soon as the 
stick is out of the vertical, its centre of 
gravity is lower, and the stick falls, if 
care be not taken to bring the point of 
support below the centre of gravity, by 
which equilibrium is restored. A long 
stick is more easily balanced than a 
short one, for the centre of gravity of 
the former has to fall through a greater 


distance, and there is more time to adjust the point of the 


support. 


If the body has two points of support, it is not necessary for 



equilibrium that its centre of 
gravity coincide with either of 
these points, or be exactly above 
or below ; it is sufficient if it be 
exactly below or above the right 
line which joins these two points, 
for the action of gravity may 
then be decomposed mto two 
forces applied at the points of 
support, and destroyed by the 
resistance of these points. A 
man on stilts (fig, 33) is an 
example of this case of equi¬ 
librium. 


r ‘ 8 ' **■ Lastly, if a body rests on the 

ground by three or more points of support (fig. 34), equilibrium is 
produced whenever the centre of gravity is within the base formed 


- 48 ] Stable Equilibrium 45 

by these points of support; that is, whenever the vertical let fall 
from the centre of gravity to the earth is within the points of 
support ; for gravity cannot then overturn the body beyond its 
points of support, and its only effect is to settle it more firmly on 
the ground. 

48. Different states of equilibrium. —Although a body supported 
by a fixed point is in equilibrium whenever its centre of gravity 
is in the vertical line through that point, the fact that the centre of 
gravity is always tending to occupy the lowest possible position 
leads us to distinguish between three states of equilibrium— stable , 
unstable , neutral. 

A body is said to be in stable equilibi ium if it tends to return 
to its first position after the equilibrium has been slightly disturbed. 



OA B 


tig is 

Every body is in this state when its position is such that the 
slightest alteration of the same elevates its centre of gravity ; for 
the centte of gravity will descend again when permitted, and aftei 
a few oscillations the body will return to its original position. The 
pendulum of a clock continually oscillates about its position of 
stable equilibrium. 

An interesting illustrative experiment can be simply made by 
means of a cylinder of pith or of cork loaded at the bottom by half 
a lead bullet (fig. 35) ; if this is turned round, so as to become 
horizontal, the centre of gravity, G, being raised from its 
original position, quickly returns to it, making the cylinder again 
vertical. 
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A body is said to be in unstable equilibrium when, after the 
slightest disturbance, it tends to depart still more from its original 
position. A body is in this state when its centre of gravity is 
vertically above the point of support, or higher than it would be in 
any adjacent position of the body. An egg standing on its end, 
or a stick balanced upright on the finger, is in this state (fig. 32). 

Another illustration is that of a disc of wood with a small mass 
Of lead near the edge. If placed on a plane slightly inclined, so 

that the vertical from the 
centre of gravity, G (fig. 36;, 
is a little in front of the point 
of contact, O, the disc will 
rise up the plane but will 
stop, and move down when 
the vertical passes through 
the point of contact, O,. In 
reality the centre of gravity during the ascent has fallen from Gto G,. 

Neutral equilibrium .—A body is in a state of neutral equilibrium 
when it remains at rest in any position which may he given to 
it. This can only be the case when an alteration in the position 
of the body neither raises nor lowers its centre of gravity. A 
perfect sphere resting on a horizontal plane is in this state. 

Fig. 37 represents three cones, A, B, C, placed respectively in 
stable, unstable, and neutral equilibrium upon a horizontal plane. 

The letter g in 
each show's the 
position of the 
centre of gra¬ 
vity. 

49. Examples 
of equilibrium.— 

It follows, from 
what has been 

said, that the wider the base on which a body rests, the greater is 
its stability, for then, even with a considerable inclination, a 
vertical line through its centre of gravity still falls within its base. 

The well-known leaning towers of Pisa and Bologna are 
so much out of the vertical that they seem ready to fall at any 
moment ; and yet they have remained for centuries in their 
present position, because the perpendiculars let fall from their 
centres of gravity are within the base. Fig. 38 represents the 
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tower of Bologna, built in the year hi 2, and known as the Gari- 
sende. Its height is 165 feet, and it is 7 or 8 feet out of the vertical. 
The leaning is due to the foundations having given way. The tower 
on the side is that of Asinelli, the highest in Italy. 

In the cases we have hitherto considered, the position of the 
centre of gravity is fixed ; this is not the case with men and 



Fig. 18. 


animals, whose centre of gravity is continually varying with their 
attitudes, and with the loads they support. 

When a man, not carrying any load, stands upright, his centre 
of gravity is about the middle of the lower part of the pelvis— that 
•s, between the two thigh-bones. This, however, is not the case 
with a man carrying a load ; for, his own weight being added to 
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that of the load, the common centre of gravity is neither that of 
the man nor of his burden. 

In this case, in order to retain his stability, the man must 
so modify his attitude as to keep his centre of gravity directly 
above the base formed by his two feet. Thus, a porter with a load 
on his back is obliged to lean forward (fig. 39); a stout person in¬ 
clines somewhat backwards ; while a man carrying a load in one 
band is obliged to lean bis body on tbe opposite side (fig. 40). 

Again, it is impossible to stand on one leg if we keep one side 
of the foot and head close to a vertical wall, because the latter 
prevents us from throwing the body’s centre of gravity vertically 
above the supporting base. 
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In the art of rope-dancing the difficulty consists in maintaining 
the centre of gravity exactly above the rope. In order more easily 
to accomplish this, tbe performer bolds in his bands a long pole, 
which, as soon as he feels himself leaning on one side, he inclines 
towards the opposite one ; and thus contrives to keep the centre of 
gravity common to himself and to the pole in a vertical line above 
the rope, and so preserves his equilibrium. 

A broad waggon is more stable than a narrow one ; and in 
loading a waggon, the heaviest goods should be in the bttoom of 
the waggon, so that the centre of gravity of the whole may be as 
low as possible. 

A boat is more easily upset when it is loaded to a great height; 
or when a person stands up in it, than when he is seated. 




Balance 


49 


- 61 ] 

The stability of a body is greater the greater the work required 
to overturn it, so that the pyramidal form is very stable ; for the 
same dimensions, columns of wood are more easily upset than those 
of stone or of iron. 

A quadruped stands firm when the centre of gravity of his 
entire body lies over and within the square which is formed on the 
ground by his feet. If a man raises his arm, the centre of gravity 
is displaced ; if a bird stretches out its neck, its centre of gravity 
is moved forwards. 

Men stand less firmly than quadrupeds ; they learn to walk 
with greater difficulty, and in doing so must continually balance 
themselves, and with any loss of consciousness at once fall over. 

50. The balance.—The balance is an instrument for determin¬ 
ing the relative masses of bodies, and since in one and the same 
place the weights are proportional to the masses, it serves to 
determine the weights. 

The ordinary balance (fig. 41) consists of a lever of the first kind, 
called the beam, AH, with its fulcrum in the middle ; at the extremities 
of the beam are suspended two scale-pans , D and C ; one ihtended 
to receive the object to be weighed, and the other the counterpoise. 
The fulcrum consists of a steel prism, n, commonly called a knife- 
edge, which passes through the beam, and rests with its sharp edge, 
or axis of suspension , upon two supports ; these are formed of agate 
or of polished steel, in order to diminish the friction. A needle or 
pointer is fixed to the beam, and moves with it in front of a 
fixed, graduated arc ; when the beam is perfectly horizontal, the 
needle points to the zero of the graduated arc. 

Since two equal forces in a lever of the first kind cannot be 
in equilibrium unless their leverages are equal (36), the length of 
the arms nA and »B ought to remain equal during the process of 
weighing. To secure this, the scales are suspended from hooks, 
whose curved parts have sharp edges, and rest on similar edges at 
the ends of the beam. In this manner the scales are supported on 
what are practically mere lines, which remain unmoved during the 
oscillations of the beam. This mode of suspension is represented 
'n fig. 41. 

The weight of any body is determined by placing it in one of 
die pans of the balance—D, for instance—and adding weights to 
the other until equilibrium is established, which is the case when 
the beam is quite horizontal. 

51. Conditions to be satisfied by a good balance. —A good 

£ 
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balance should be accurate —that is, it should give exactly the 
weight of a body ; it should also be delicate —that is, the beam 
should be inclined by a very small difference between the weights 
in the two scales. 

Conditions of accuracy, i. The two arms of the beam ought to 
be precisely equal; otherwise, according to the principle of the lever 
36), unequal weights will be required to produce equilibrium. To 
test whether the arms of the beam are equal, weights are placed in 
the two scales until the beam becomes horizontal; the contents of 



the scales being then interchanged, the beam will remain horizontal, 
as shown by the index, if its arms are equal, but if not, it will sink 
on the side of the longer arm. 

ii. The balance ought to be in equilibrium when the scales are 
empty; for, ^otherwise, unequal weights must be placed in the 
scales in onj£r to produce equilibrium. It must be borne in mind, 
hpwever, that the amts axe not necessarily equal, even if the beam 
remains horizontal when the scales are empty ; for this result might 
also be produced by giving to the longer arm the lighter scale. 
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iii. The beam being horizontal, its centre of gravity ought to be 
in the same vertical line with the edge of the fulcrum, and a little 
below the latter; for, if the centre of gravity coincided with this 
line, the resultant action on the beam would be null, and the beam 
would not oscillate. If the centre of gravity were above the edge 
of the fulcrum, the beam would be in unstable equilibrium ; while, 
if it is below the fulcrum, the weight of the beam is continually 
tending to bring it back to the horizontal position as soon as it 
diverges from it, and the balance oscillates with regularity. 

Conditions of delicacy, i. The centre of gravity of the beam 
should be very near the knife-edge; for then, when the beam is 
inclined, its weight, only acting upon a short arm of the lever, 
offers but little resistance to the excess of weight in one of the pans. 

ii. The beam should be light; for the friction of the knife- 
edge upon the supports is smaller the less the pressure. In order 
more effectually to diminish friction, the edges from which the 
beam and scales are suspended are made as sharp as possible, and 
the supports on which they rest are of some very hard material, 
such as steel or agate. 

iii. Lastly, the longer the beam the more delicate is the balance; 
because the difference in the weights in the pans then acts upon a 
longer arm of the lever. The balance is one of the most accurate 
and delicate of physical instruments. 

P'or the finer chemical and physical operations—such, for ex¬ 
ample, as those used in determining the standards of weight and 
measure—balances of extreme delicacy are required. Instruments 
of this kind have been constructed which, for a weight of one 
kilogramme in each pan, will turn with an excess of a tenth of a 
milligramme—that is, will indicate a difference of a ten-millionth 
in the weight of the body. 

52. Method of double weighing.—Notwithstanding the inac ■ 
curacy of a balance, the true weight of a body may always be 
determined by its means. The body to be weighed is placed 
in one scale, and shot or sand poured into the other until 
equilibrium is produced—an operation which is called taking 
the tare; the body is then replaced by known weights until 
equilibrium is re-established. The sum of these weights will 
necessarily be equal to the weight of the body, for, acting under 
precisely the same circumstances, both have produced precisely 
fhc same effect. 

Or the body to be weighed is placed in the left pan, and 
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weights added to the right one until equilibrium is obtained ; the 
body is next placed in the right pan and the weights in the left. 
If the weights in the two cases do not differ much, the true weight 
of the body is their arithmetic mean. 

53. The steelyard.—This instrument is in principle a lever of 
the first kind (35). The fulcrum (fig, 42) is at C, and the load, P, 
is suspended at A, so that it acts on the short arm of the lever, 
AC. The longer arm, BC, is graduated into equal parts, and 
the weight, Q, with its ring-formed knife-edge, D, is moved along 
the sharp edge of this arm until a position is found in which 



Fig. 42. 


it just counterbalances the load. It follows from the principle of 
the lever that the smaller weight acting through the longer distance, 
BC, is equivalent to the greater weight acting through the shorter 
distance, AC. The weight of the lever itself is allowed for in the 
graduations on BC. 

This instrument is also known as the Roman balance; it has 
no great sensitiveness : it should show a difference of of the 
load. 

54. Weighing machines. —One of the forms of these instru¬ 
ments, which' are of frequent use in railway-stations, coal-yards, 
etc., for weighing heavy loads, is represented in fig. 43. It consists 
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of a platform, A, on which the body to be weighed is placed, and 
to which an upright, B, is fixed ; the whole rests on a frame, HE, 
by the following mode of suspension 

To the upnght, E, are adapted two pieces of iron, which support 
a beam, LR, by the aid of a knife edge, which traverses it at O 
The two aims of the beam are unequal in length , one of them 
supports a scale, D, in which are placed the weights , the other 
arm of the beam has two lods, by which is suspended the movable 
part, AB In older to relieve the knife edge which supports the 
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platform, and to avoid a shock when it is unloaded after a weigh¬ 
ing has been made, the arm, OR, is lifted by raising a support, r. 
which is below the beam, by means of the handle, M Two 
indicators, m and n, the first fixed to the fiame and the second to 
the beam, show when the beam is horizontal 

To understand the woiking of the mechanism, teference must 
be made to fig 44, m which the principal parts onls ate repre¬ 
sented. A lever, ih, which bifuicates underneath the platform, 
rests at one end on a double knife-edge, t, and at the other on the 
lower end of the rod, L h, which is fixed to the beam. A second 
lever, eg, rests at s on the lever ik, attached at g to the rod ag. 
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Which is also supported by the beam. Lastly, the distance is being 
the fifth of ih, aO is also a fifth of OL. 

From this division of the two levers, ih and OL, into propor¬ 
tional parts, two important consequences follow. First, that, when 
the beam oscillates, the points a and g being lowered by a certain 
amount, the points L and h are lowered five times as much. But, 
for a similar reason, since the lever ih oscillates upon the knife- 
edge i, the Vffide-edge s \-b lowered as, much as the 

h, and therefore just as much as g. The lever eg, therefore, 
descends parallel to itself, and therefore also the platform A 



Fig 44- 


Secondly, it follows, from the proportional division of the 
levers OL and ih, that the pressure at the point of suspension, 
exercised by the load on the platform, is independent of the 
place which it occupies on the latter, so that it just acts as if it 
were applied along the rod ag. This may be deduced from the 
properties of the lever by a simple calculation, which cannot, 
however, be given here. 

Lastly, since the weight is applied at a, the longer the arm ot 
the lever OC as compared with Oa, the smaller need be the weight 
in the scale D in order to produce equilibrium. Inmost weighing 
machines O a is the tenth of OC. Hence the weights in the scale 
D represent one-tenth the weight of the body on the platform. 
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CHAPTER V 

LAWS OF FALLING BODIES. INCLINED PLANE. THE PENDULUM 

55. Laws of falling 1 bodies.—When bodies fall in a vacuum— 
that is, when they experience no resistance—their fall is subject to 
the following laws :— 

I. In a vacuum all bodies fall with equal rapidity. 

II. The space traversed by a falling body in a given time is 
proportional to the square of that time —that is, that if the space 
traversed in a second is 16 feet, in two seconds it will be 64 feet— 
that is, four times as much—and in three seconds nine times as 
much, or 144 feet, and so on. 

III. The velocity acquired by a falling body is proportional to 
the duration of its fall —that is, that if the velocity at the end of a 
second is 32 feet per second, at the end of two seconds it is twice 
32, or 64, at the end of three seconds 96 feet per second, and so forth. 

To demonstrate the first law by experiment, a glass tube about 
two yards long (fig. 45) may be taken, having one of its ends 
completely closed and a brass stop-cock fixed to the other. After 
having introduced bodies of different weights and densities (pieces 
of lead, paper, feather, etc.) into the tube, the air is withdrawn from 
it by an air-pump, and the stop-cock closed. If the tube be now 
suddenly turned Upside down, all the bodies will fall equally quickly. 
On introducing a little air, and again inverting the tube, the lighter 
bodies become slightly retarded, and this retardation increases with 
the quantity of air introduced. 

It is, therefore, concluded that terrestrial attraction, which is 
the cause to which the fall of bodies is due, is equally exerted on 
all substances, and that the difference in the velocity With which 
bodies fall is occasioned by the resistance of the air, which is more 
perceptible the smaller the mass of bodies and the greater the 
surface the'y present. 

The Staubbach, in Switzerland^ is a good illustration of the 
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resistance opposed by the air to falling bodies: an immense mass of 
water is seen falling over a high precipice, but before reaching the 

bottom it is shattered by the air into 
• the finest mist In a vacuum, how- 

ever, liquids fall like solids 

The 'water-hammer (fig 46) lllus- 
1 trates this the instrument consists 

I of a thick glass tube about a foot 

1 l° n g, half filled with water, the air 

1 having been expelled by ebullition 

//gl previous to closing one extremity 

rfPSff) with the blowpipe When such a 

tB/T JJ tube is suddenly inverted, the water 

y/lj/S falls in one undivided mass against 
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The slowness with which feathers and soap-bubbles fall is a 
further illustration of the resistance of the air. 

The other laws of falling bodies are verified by the aid of the 
inclined plane (fig 48) and of Atwood’s machine (figs 49-57). 

56. Inclined plane. —Any plane surface more or less oblique in 
reference to the horizon is an inclined plane , such is that of an 
ordinary desk and of most roads. 

When a body rests on a horizontal plane, the action of gravity 
is entirely counteracted by the resistance of this plane This, 
however, is not the case when it is placed upon an inclined 
plane. 

To understand this, let BAC (fig. 47) represent the principal 
section of an inclined plane, BC being the height and BA the length 
of the plane ; the ratio of the height 
to the length is called the sine of the 
inclination, that is, of the angle BAC 

Let M be a body, which we will 
assume is spherical, lestmg on such 
a plane. 1 ts weight 1’ may be resoh ed 
into two forces (27), one, Q, perpendi¬ 
cular and the othei, F, parallel to the 
inclined plane ; the only effect of the former is to press it against 
the plane without imparting to it any motion, while that of F is 
to make the body move down the plane 

To arrive at the value of F, let a line GH be drawn which 
repiesents the weight of the body Complete the parallelogram 
DGEH ; the force F is then represented by the line GD Then, 
since the triangles DGH and ABC are similar, as having equal 
angles, it follows that F P = BC BA ; that is, that the ratio of 
the force tending to move the body along the plane is to the whole 
weight as the height of the plane is to its length ; that is, is equal 
to the sine of the angle BAC, so that by diminishing the height 
of the plane we can make the body descend as slowly as we wish. 

The principle of the inclined plane is made use of in rolling 
heavy casks into or out of a waggon by means of two strong 
beams connected by iron ties. 

A horse drawing a carriage on a road where there is a use of 
one in twenty is really lifting one-twentieth of the load, besides 
overcoming the friction of the carriage against the ground (23). 
Hence the importance of making roads as level as possible. For 
this reason a road up a very steep hill is made to wind or zigzag 
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a£H the way ; and an intelligent driver, in ascending a steep hill on 
which is a broad road, usually winds 'from side to side. 

57. Demonstration of the second law of falling bodies by the 
inclined plane. —Galileo’s experiment. When bodies fall freely, the 
rate at which they do so is so great that the motion could not be 
followed. Galileo was the first to establish the laws of falling 
bodies by using the inclined plane to slacken or dilute the motion 
of a falling body so as to render it easily observable without 
destroying its nature. He constructed a groove by fixing two stout 
strips of wood about twenty feet m length parallel to each other 
with a narrow gap between them : the edges of the groove thus 
formed were made as smooth as possible, so as to diminish friction, 
and the falling body was a polished bronze ball. By raising one 
end the plane could be inclined at any angle. 
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By noting the times required for a body to fall along the plane 
he arrived at the result that if the times are as 1:2:3 the corre¬ 
sponding distances are as 1 : 4 : 9 ; that is to say, that the space tra¬ 
versed by a falling body is proportional to the square o f the time 
during which it has been falling. 

A simple modification of Galileo’s experiment is made by fixing 
(fig. 48) a long wire to a vertical support, its free end passing over 
a pulley which can be adjusted at any height; the wire is stretched 
by the weight M. 

The moving body consists of two grooved wheels suitably con¬ 
nected, and to it is suspended the weight P. 

By varying the position of the pulley the inclination of the 
wire is varied, and in addition to demonstrating the second law 
it is easy to show that the accelerating force is proportional to the 
sine of die inclination of the wire. 
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58. Atwood’s machine.—The most exact method of establishing 
the laws of falling bodies is by means of a machine devised by 
Atwood, a Cambridge professor. The principle of the machine is 
as follows : A string passes over a fixed pulley and carries a 
weight at each end. If the weights are equal, say each one pound, 
there will be equilibrium, since each weight is balanced by the 
other. But when an extra weight, say one ounce, is added to one 
side, motion ensues, the moving force being the weight of one 
ounce, and the mass moved being the masses at the two ends of 
the string, in all 33 ounces. Thus, Atwood’s machine is a con¬ 
trivance by which we may cause a small force to act upon a large 
mass, and thus ensure the motion being as slow as we like. If P 
represent the moving force, m the mass acted upon, and a the 
acceleration produced, we have (22) the relation P = ma. 

A convenient form of Atwood’s machine is described in what 
follows. It consists of a wooden pillar about 2j yards high (fig. 57). 
On the front of the pillar is a clockwork motion, H, regulated in 
the usual way by a seconds pendulum, P. On the right of the 
column is a graduated scale which 
measures the spaces traversed by 
the falling bodies. Along this 
scale two sliders move, which can 
be fixed by screws in any posi¬ 
tion ; one of these has a disc, A, 
and the other a ring, 15 (fig. 53V 
At the top of the column is a brass 
pulley, R, whose axis, instead of 
resting on pivots, turns on the 
crossed edges of four other wheels, 
r, r, r' , r\ called friition wheels , 
since they serve to diminish friction. Two exactly equal weights, 
K and K’ (fig. 57), are attached to the end of a fine silk thread 
which passes round the pulley. 

At the top of the column is a plate, n, on which is placed the 
falling body (fig. 50). This plate is fixed to a horizontal axis which 
carries a small catch, z, supported, when the plate is horizontal, by 
a lever, ad, movable in the middle. A spring placed behind the 
dial tends to keep this lever in the position represented in fig. 50, 
while an eccentric, e, moved by the clockwork, tends to incline 
towards the right the upper arm of the lever ai. The parts are so 
arranged that when the clbtk-hand is at zero of the graduation, the 
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lever ab is moved by the eccentric ; the plate n then lets fall the 
body which it sustained (fig. 51). 

First experiment. —A weight K is placed upon the ledge n (fig. 
50), and it is loaded with an over-weight, which consists of a brass 
strip, tn (fig. 55), open at the side so as to let pass a rod fixed to 
the weight K. Then below the ledge n the slider A is placed at 
such a distance that Km requires a second to traverse the space 
»A, which is easily obtained after a few trials. If the mass in fell 
alone, its own weight would be the force acting upon it, and it would 
traverse about 16 feet in a second ; but, under the conditions of 
the experiment, the weight of m is the force acting upon the whole 
mass moved, viz. nt + K + K’ ; and hence its fall is the more dimi¬ 
nished, the smaller the mass m as compared with the sum of the 
masses K and K'. 

The experiment being prepared as represented in fig. 50, the 
pendulum is made to oscillate ; the clockwork then begins to 
move, and when the needle arrives at zero, the plate n drops, the 
weights K and m fall too, and the space wA is traversed in a second 
by a uniformly accelerated motion. The experiment is recom¬ 
menced, the slider A being placed at four times its original distance 
—that is, that if the distance An were 8 inches (fig. 51), it is now 
32 inches (fig. 52). But here, when the plate n drops, it is found 
that the weight Km requires exactly two seconds to traverse the 
space An. Increasing the space traversed to 72 inches, the time 
required for the purpose is found to be three seconds. That is, 
that when the times are twice or thrice as great, the spaces 
traversed are four or nine times as great. 

Hence the distances traversed by a body falling freely under 
the action of gravity are proportional to the squares of the times. 

Second experiment. —To verify the law connecting the rate of 
fall with the time, the experiment is arranged as shown in figs. 53, 
54, and 55 ; that is, the weights K and m being arranged as in the 
first experiment on the ledge n, the sliding ring B is placed at a dis¬ 
tance of 8 inches below this, and the disc A at j6 inches below B. 
When the ledge n has dropped, the weights K and in still require 
a second to fall from n to B, But then the over-weight m being 
arrested by the ring B (fig. 54), the weight K only falls in virtue of 
its acquired velocity. The motion which was uniformly accelerated 
from o to B (19) is kept uniform from B to A ; for the weight, m, 
was the cause of the acceleration, and this having ceased to act, 
the acceleration ceases. It is then found that the space o B, equal 
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to 8, having been traversed in one second, the space BA, equal to 
16, isalso traversed in a second. That is, 16 represents the velocity 
of the uniform motion, which, starting from the point B, has suc¬ 
ceeded to the uniformly accelerated motion. 

The experiment is finally recommenced by placing the sliding 
ring B at the distance 32 (fig, 56), and the sliding disc A at the dis¬ 
tance 32 below B. The space oB being then four times as great as 
in fig. 54, the weights K and m require, in accordance with the 
second law, twice the time. But the mass m being again arrested 
by the slider B, it is found that the weight K falls alone and uni¬ 
formly ^from B to A in one second. The number 32 from Ii to A 
represents, then, the velocity acquired after two seconds of fall. In 
the first part of the experiment it was ascertained that the velocity 
acquired after one second was 16 ; hence, in double the time, the 
velocity acquired is double. It may be shown, in like manner, 
that after three times the time the velocity is trebled, and so on, 
thus proving the third law. 

The algebraical expressions for the free fall of bodies are v~gt{ 1) 


and s = (2), where g is the acceleration of gravity, t the time, 

and j the space fallen through. By simple transformation we get 
from these two equations a third equation, v" = 2 gs (3). 

We may also by Atwood’s machine verify the formula P = nta, 
when tn is kept constant: that is, prove that the moving force 
acting upon a given mass is directly proportional to the acceleration 
produced. To do this, all that is necessary fs to move weights from 
the lighter to the heavier side of the string, thus keeping the mass 
set in motion, viz. the sum of the masses at the ends of the string, 
the same, while the moving force, which is the weight of the differ¬ 
ence between them, is gradually increased. The acceleration is 
determined after each alteration. 

59. florin’s apparatus. —The principle of this apparatus (fig. 
58) is to make the falling body trace its own path. It consists of 
a wooden framework, about 7 feet high, which holds in a vertical 
position a very light wooden cylinder, M, which can turn freely 
about its axis. This cylinder is coated with paper divided into 
squares by equidistant horizontal and vertical lines. The latter 
measure the path traversed by the body falling along the cylinder, 
While the horizontal lines are intended to divide the deration of 
the fall into equal parts. 

The falling body is a mass of iron, P, provided with a pencil 



-WiJ Mmn's Apparatus 63 

which is pressed against the paper by a small spring. The 
iron is guided in its fall by two light iron wires which pass 
through guide-holes on the two sides. 

The top of this mass is provided with 
a tipper which catches against the 
end of a bent lever, AC. This being 
pulled by the string K attached at A, 
the weight falls. If the cylinder M 
were fixed, the pencil would trace a 
straight line on it; but if the cylinder 
moves uniformly, the pencil traces 
the line mu, from which the law of the 
fall may be deduced. 

The cylinder is rotated by means 
of a weight, Q, suspended to a cord 
which passes round the axle G. At 
one end of this is a toothed wheel, c, 
which turns two endless screws, a 
and b , one of which is connected to 
the axis of the cylinder, and the other 
to two vanes, x and x‘. At the other 
end of the axle is a ratchet wheel, o, 
it which fits the end of a lever, It; 
by pulling a cord fixed to the other 
end of B, the wheel is liberated, the 
weight Q descends, and the whole 
system begins to turn. The motion 
is at first accelerated, but as the air offers a resistance to the vanes 
(23), which increases as the rotation becomes more rapid, the 
resistance finally equals the acceleration which gravity tends to 
impart. From this time the motion becomes uniform. This is 
the case when the weight Q has traversed about three-quarters of 
its course ; at this moment the weight P is detached by pulling 
the cord K, and the pencil then traces the curve mn. 

If, by means of this curve, we examine the double motion of 
the pencil on the small squares which divide the paper, we see 
that, for displacements i, 2, 3 . . in a horizontal direction, the 

displacements are, 1, 4, 9 ... in a rertical direction. This 
shows that the paths traversed in the direction of the fall are 
directly as the squares of the lines in the direction of the rotation, 
which verifies the second law of falling bodies. 




64 Properties of Matter and Universal Attraction [59- 

From the relation which exists between the two dimensions ot 
the curve mn, it follows that this curve is a parabola. 

60. Pendulum. —This name is given to any heavy mass sus¬ 
pended by a thread to a fixed point, or to any metal rod movable 
about a horizontal axis. The ball, nt, suspended by the thread, cm, 
which is fixed at the top at c (fig. 59), is a pendulum. 

So long as the thread is vertical, which is the case when the 
centre of gravity of the ball is exactly below the point of suspen¬ 
sion, c, the pendulum remains at rest, for the action of gravity is 
balanced by the resistance at this point. This is no longer the case 
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when the pendulum is removed from its vertical position ; when 
it is placed, for instance, in the direction cn (fig. 60). The ball being 
raised, gravity tends to make it fall; it returns from n to m, and 
reaches the latter point with exactly the velocity it would have 
acquired by falling vertically through the height on 1. The ball, 
accordingly, does not stop at m, but, in virtue of its inertia, and of 
its acquired velocity, it continues to move in the direction nip. As 
the ball rises, however, gravity, which had acted from n to m as an 
accelerating force, now exerts a retarding action, for it acts in a 
direction contrary to that of the motion ; the motion, accordingly, 
becomes slower, and the ball stops at a distance, mp, which would 
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be exactly equal to mn, were it not for the resistance of the air and 
also the rigidity of the thread, an, which, as it is, offers a certain 
resistance to being bent about the point c, in passing from the 
position cn to cp , and vice versa. 

This being premised, the moment the ball stops at p gravity? 
acting so as to make it fall again, brings it from p to m, when, 
owing to the velocity acquired in the fall, it rises in effect as far 
as n, and so on. A backward and a forward motion is thus 
produced from n towards/, and from p towards n, which may last 
several hours. 

This motion is described as an oscillating motion. The path of 
the ball from n to p, or from p to «, is known as a semi-oscillation , 
a complete oscillation being the motion from n to p, and from p to 
«. In France the former is known as a single oscillation, and the 
backward and forward motion as a double oscillation. 

The time of a complete oscillation is called the period of the 
pendulum. 

The extent or amplitude of the oscillation is the distance 
between the extreme and mean positions, cn and cm, and is mea¬ 
sured by the arc, mn. 

61. Simple and compound pendulum.—A distinction is made 
in physics between the simple and the compound pendulum. A 
simple pendulum would be that formed by a single material point, 
suspended by a thread 'without weight. Such a pendulum has 
merely a theoretic existence ; and it has only been assumed in 
order to arrive at the laws of the oscillations of the pendulum, 
which we shall presently describe. 

A compound or physical pendulum may be defined to be any 
body which can oscillate about a point or an axis. The pendulum 
described above (fig. 59) is of this kind. The form may be greatly 
varied, but the most ordinary one is a steel or wooden rod (fig. 63) 
fixed at the top to a thin, flexible steel plate, or to a knife-edge 
like that of the balance (fig. 41). At the bottom of the rod is 
a heavy, lens-shaped mass of metal, usually of brass, and known 
as the bob. The lens shape is preferred to the spherical form, for, 
for the same mass, it presents less resistance to the air. 

62. Laws of the simple pendulum. Galileo. —Whatever be the 
form of the pendulum, its oscillations are always expressed by the 
following laws. The law that one and the same pendulum makes its 
oscillations in equal times was discovered by Galileo, the celebrated 
physicist and astronomer at the end of the sixteenth century. It 
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is related that he was led to this discovery, while still young, by 
observing the regular motion of a lamp suspended to the vault of 
the cathedral at Pisa. This property of the pendulum has received 
the name of isoc/tronism , from two Greek words which mean equal 
times, and such oscillations are said to be isochronous. 

First law, or law of isochronism.— The oscillations of one and 
the same pendulum are isochronous—that is, are effected in eqttas 
times. This law is only perfectly exact when the oscillations are 
of small amplitude, four or five degrees at most ; for a greater 
amplitude the oscillation is longer. 

Second law, or law of lengths.—With pendulums of different 
lengths the durations of the oscillations are proportional to the 
square roots of the lengths of the pendulums —that is to say, that if 
the lengths of the pendulums are as 1,4, 9, 16, the times of oscilla¬ 
tions will be as 1, 2, 3, 4 ; these being the square roots of the 
former set of numbers. 

A simple pendulum 976 inches in length makes an oscillation 
(to or fro motion) in half a second ; while one 156 inches long 
requires two seconds to make a single oscillation. 

Third law.—If the length of the pendulum remains the same, 
but the substances are different, the duration of the oscillations is 
independent of the substance of which the pendulums are formed — 
that is, that whether of wood, or of ivory, or of any kind of metal, 
they all oscillate in the same time. 

Fourth law.— The time of an oscillation of a given pendulum 
is inversely as the square root of the force of gravity in the place 
in which the observation is made. 

These laws are summed up in the formula t- 2 n ‘, where 

V g 

t «the time of a complete oscillation, / -the length of the pendulum, 
and g= the acceleration of gravity. 

63. Demonstration of the laws of the pendulum. —In order 
to demonstrate the laws of the simple pendulum we are compelled 
to employ a compound one the construction of which differs as little 
as possible from that of the simple one (61 ). For this purpose a 
small sphere of a very dense substance, such as lead or platinum, 
is suspended from a fixed point by means of a fine wire. A 
pendulum thus formed oscillates almost like a simple pendulum the 
length of which is equal to the distance of the centre of the sphere 
from the point of suspension. 

In order to verify the isochronism of small oscillations, it is 
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merely necessary to count the number of oscillations made in equal 
times, as the amplitudes of these oscillations diminish from pn to 
rq (fig. 61), say from three degrees to a fraction of a degree; 
this number is found to be constant. 

It is also necessary to take into 
account the resistance of the air ; this 
is done either by making the experi¬ 
ments in a vacuum or by introducing 
a numerical correction for the purpose. 

That the times of oscillation are 
proportional to the square roots of 
the lengths is verified by causing 
pendulums whose lengths are as the 
numbers I, 4, 9, ... to oscillate 
simultaneously (AB, fig. 62). The 
corresponding numbersof oscillations 
in a given time are then found to be 
proportional to the fractions 1,^,4, 
etc. . . . which shows that the times 
of oscillation increase as the numbers 
1, 2, 3, . . . etc. 

By taking several pendulums of 
exactly equal lengths, B, C, I) (fig.62), 
but with spheres of different sub¬ 
stances, lead, copper, ivory', it is found 
that, neglecting the resistance of the 
air, these pendulums oscillate in equal 
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times, thus showing that the accelerating effect of gravity on all 
bodies is the same at the same place. 

64. Measurement of the force of gravity. —The relation which 
the fourth law of the pendulum establishes between the number 
of oscillations in a given time and the force of gravity is used to 
determine the magnitude of this force at different places on the 
globe. By counting the number of oscillations which one and the 
same pendulum makes in a given time—a minute, for example—in 
proceeding from the equator towards the poles, it has been found 
that this number continually increases, proving, therefore, that the 
force of gravity increases from the equator towards the poles. 

The value of the acceleration of gravity (g) at any place is deter¬ 
mined from the formula t-2is ^ J !, by observation of t and /. If 
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t is expressed in seconds and l in feet, g is found to be in London 
52-19 ; that is, when a body falls freely under the action of gravity 
—the resistance of the air being either 
eliminated or allowed for—it gains a velocity 
of 32-19 feet per second in each second of 
its fall. This is expressed by saying that 
,£■=32-19 feet per second per second. 

The pendulum method is the most accu¬ 
rate method of determining this important 
physical constant. 

Since the velocity which a force imparts 
to a movable body in a given time is greater 
in proportion as the force is greater, the force 
of gravity in different places is measured by 
the velocity which it imparts to a body falling 
freely in a vacuum : while at London, as we 
have seen, its value is 32-19, at Pans it is 
32-18, Madrid 32-15, at New York it is 3216, 
at the equator it is 32 09, and at Spitsbergen 
32-25. 

65. Application of the pendulum to 
clocks.—The regulation of the motion of 
clocks is effected by means of pendulums, that 
of watches by balance-springs. Pendulums 
were first applied to this purpose by Huygens 
in 1658, and in the same year Hooke applied 
a spiral spring to the balance of a watch. 
The manner of employing the pendulum 
is shown in fig. 63. The pendulum-rod passing between the 
prong's of a fork, a, communicates its motion to a rod, b, which 
oscillates on a horizontal axis, 0. To this axis is fixed a piece, 
mn, called an escapement or crutch , terminated by two pro¬ 
jections or pallets which work alternately with the teeth of the 
escapement-wheel, R. This wheel being acted on by the weight 
tends to move continuously, let us say in the direction indicated by 
the arrowhead. Now, if the pendulum is at rest, the wheel is held 
at rest by the pallet, m, and with it the whole of the clockwork and 
the weight. If, however, the pendulum moves and takes the posi¬ 
tion shown by the dotted line, the pallet, m, is raised, the wheel 
escapes from the confinement in which it was held by the pallet, the 
weight descends, and causes the wheel to tern until its motion is 
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arrested by the other pallet, n ; which, in consequence of the 
motion of the pendulum, will be brought into contact with another 
tooth of the escapement-wheel. In this manner the descent of 
the weight is alternately permitted and arrested—or, in a word, 
regulated— by the pendulum. By means of a proper train of 
wheelwork the motion of the escapement is communicated to the 
hands of a clock ; and consequently their motion, too, is regulated 
by the pendulum. 

Hence, to regulate a clock when it goes too slow or too fast, the 
length of the pendulum must be altered. If the clock goes too slow, 
it is because the pendulum oscillates too slowly, and the latter must 
therefore be shortened : if, on the contrary, it goes too fast, the pen¬ 
dulum must be lengthened. This shortening or lengthening is 
usually effected at the top of the pendulum by varying the length of 
the oscillating portion of the steel strip by which it is suspended. 
Clocks are provided with a simple arrangement for this purpose, 
which, however, is not represented in the figure. 

A pendulum which makes one; single) oscillation in a second is 
called a seconds pendulum. The period (60) of a seconds pendulum 
is two seconds. The length of a seconds pendulum is not the same in 
different parts of the earth ; it is somewhat less at the equator than 
at the poles. In London it amounts, approximately, to 39-14 inches ; 
at Hammerfest to 39-19 ; at Paris to 39-13 ; at New' York and at 
Milan to 39-10 inches ; at the equator to 39 02 inches ; and at the 
Cape of Good Hope to 39-08 inches. The average length, 3911 
inches, is very near that of the metre, which is 39-37 inches. 

Since heat expands bodies, the length of the pendulum will be 
greater in summer and less in winter. Hence a clock which has 
been once regulated for the mean annual temperature will lose in 
summer and will gain in winter. How this effect of temperature is 
counteracted by a self-acting arrangement will be seen in the 
chapter on Heat. 

66. Determination of the figure of the earth.—Richer, a French 
astronomer, found in 1671, in a journey from Paris to Cayenne, 
which is near the equator, that a clock which kept correct time 
in Paris went more slowly in Cayenne. It lost as much as 2jt 
minutes in a day, an amount greater than could have been due to 
the lengthening of the pendulum owing to the action of heat; and 
in order to regulate the clock it was necessary to shorten the pen¬ 
dulum by about the A 1 * 1 of an inch. The converse phenomenon 
was also observed, that the pendulum which had been regulated to 
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beat seconds at Cayenne went too fast at Paris, and bad to be 
lengthened to a corresponding extent. 

The true cause of this phenomenon was first pointed out by 
Newton, who ascribed it to die fact that the earth was not a perfect 
sphere; for if it were, then, on every part of the earth’s surface, 
one and the same pendulum would be at the same distance from 
the centre of gravity and would oscillate everywhere at the same 
rate. The fact that in some places it oscillates more slowly than 
in others is a proof that in the former the pendulum is less acted 
on by gravity than in the latter—that is, it is a greater distance 
from the centre of the earth. 

Subsequent very accurate measurements have established the 
fact that the force of gravity does diminish from the equator to 
the poles—that is, the surface of the earth at the poles is nearer 
the centre than at the equator, or that the earth is somewhat 
flattened at the poles (41). 

67. Metronome. —This is another application of the isochro- 
nism of the oscillations of the pendulum, and is used to mark the 
time in practising music. As the time varies in different com¬ 
positions, it is important to be able to vary the duration of the 
oscillations, which is effected as follows. The bob of the pendulum, 
B (fig. 64), is of lead, and it oscillates about an axis, o ; the rod, 
which is prolonged above this axis, is provided with a weight, A, 
which slides cm this rod and can be fixed in any position. This 
weight obviously acts in opposition to the oscillations of the bob, 
B ; for when this tends to oscillate, for instance, from right to left, 
the weight tends to move the rod in the opposite direction, and this 
resistance which it affords to the motion is greater the longer the 
arm of the lever, Ac, on which it acts. Hence the higher the 
weight, A, is raised, the slower are the oscillations. At the base 
of the instrument there is a clockwork motion, which works an 
escapement with such force that, at each oscillation of the pen¬ 
dulum, a tooth strikes strongly against a pallet fixed to the axis, o, 
thus producing a regular beat which gives the time. In front of 
the box which contains the mechanism is a scale with numbers, 
indicating the height at which the weight must be placed to obtain 
a given number of oscillations in a minute. In the figure this 
weight is at the number 92, which indicates that the pendulum 
makes 92 oscillations in a minute. 

*, w, W«k.~*|f we lift a weight from the ground a certain effort 
^required lb opposition to the force of gravity, and we are said to 
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do work upon it. The work done will clearly depend on the weight 
to be lifted. To lift two pounds will require twice as much effort 
as to lift one pound. 

It will also depend on the height through which it is lifted. 
The work of lifting a given weight vertically through two feet is 
twice as great as through 
one foot. Hence the measure 
of the work done on a body 
against gravity is the product 
of the weight into the verti¬ 
cal distance through which 
it is lifted. 

The unit of work in this 
country is the foot-pound : 
that is, the work done in 
raising one pound vertically 
through one foot. Twenty 
foot-pounds might thus be 
expressed either as twenty 
pounds raised through one 
foot or as one pound through 
twenty feet or four pounds 
through five feet, and so on. Fig. 64. 

On the metrical system 

the kilogrammetre is the unit ; it is the work done when a weight 
of a kilogramme is raised through a height of a metre. This is 
equal to 7-23 foot-pounds, and one foot-pound = ’1383 of a kilo- 
grammetre. 

The idea of time does not enter into the idea of work done. 
Whether a labourer takes a day or a week to raise 500 bricks 
through a certain height, he only does a certain amount of work ; 
but the idea of time does affect the rate at which he is paid for the 
work. Hence, in estimating the usefulness of any motor it becomes 
necessary to know the time required by it fordoing a given amount 
of work. The amount of work per unit of time is the power of 
the motor. The unit of power is the power required to do a unit 
of work in a unit of time. For measuring the power of engines 
the unit used is the horse-power , which represents a rate of work 

J 3 >ooo foot-pounds per minute, or 550 foot-pounds per second. 

69. Energy.— When we have raised a weight p through a height 
h from the ground, we have done ph units of work on it, and if the 
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bocty is allowed to fall it will do an amount of work depending on 
the velocity it acquires in falling. The fact that any agent is 
capable of doing work is expressed by saying that it possesses 
energy, and the quantity it possesses is measured by the work it 
can da 

We get a convenient expression for this in the following way. 
The velocity which a falling body acquires on striking the ground 
depends on the height from which it falls. From equation 3 (58) we 
have v 7 = 2 gh. Multiplying both sides by m, we have wv ! * 2 tr^h ; 

substituting for m its value we get jrm / 3 *ph. 

& 

This equation is one of fundamental importance, and is known 
as the equation of work. The energy possessed by a body in virtue 
of its position above the ground is called its potential energy. 
Thus ph represents the potential energy of a weight p which is h 
feet above the ground. The energy of motion of a body or its' 
kinetic energy is measured by half its mass into the square of its 
velocity, and the above equation informs us that the potential energy 
of a body raised any distance above the ground is equal to its 
kinetic energy when it has fallen through that distance. 

We may illustrate thts by reference to the pendulum experiment 
in fig. 61. When the ball is in the position represented by the line 
cp it has potential energy ; as it falls it acquires kinetic energy, and 
when it is in the position pm its energy is wholly kinetic, which 
enables it to rise to a height on the other side equal to that from 
which it fell. As it falls the bob loses in potential energy what it 
acquires of kinetic energy, and at any point of the path the sum of 
the two forms of energy is constant. 


We must be careful to distinguish the kinetic energy of a body 
from what is called its momentum. The momentum of a body is 
defined as the product of its mass and its velocity, t'.e. it is equal 
to mv, where m is the mass and v the velocity of the body. In the 
case of the pewlnluro (60) the momentum is zero at the beginning 
and end ofeying, and a maximum when the string is vertical. 
y^Jgpirtiea of energy.—We have hitherto only considered 
the work done by a body falling under the influence of 
gra j y li y .' There are, however, many other kinds of physical changes 
«^lch can be produced under appropriate conditions, and the recent 
progress of investigation has shown that the conditions under which 
changes of all kinds occur are so far analogous to those required 
for the production of ifflwk by mechanical forces that the term work 
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has come to be used in a more extended sense than formerly, and 
is now often used to signify the production of any sort of physical 
change. 

Thus work is said to be done when a body at a low temperature 
is raised to a higher temperature, just as much as when a weight 
is raised from a lower to a higher level; or, again, work is done 
when an electric, magnetic, or chemical change is produced. This 
extension of the meaning of the term work involves a similar 
extension of the meaning of energy, which in this wider sense may 
be defined as the capacity for producing physical change. 

As examples of energy in this more general sense, the following 
may be mentioned :— (a) The energy possessed by gunpowder in 
virtue of the mutual chemical affinities of its constituents, whereby 
it is capable of doing work by generating heat or by acting on a 
cannon-ball so as to change its state of rest into one of rapid motion ; 
(A) the energy of a charged Leyden jar, which, according to the 
way in which the jar is discharged, can give rise to changes of 
temperature, to changes of chemical composition, to mechanical 
changes, or to changes of magnetic or electric condition ; (c) the 
energy of a red-hot ball, which, amongst other effects it is capable 
of producing, can raise the temperature and increase the volume of 
bodies colder than itself, or can change ice into water or water into 
steam ; (d) the energy of the stretched string of a'bow : here work has 
been consumed in stretching the string; when it is released the 
work reappears in the energy imparted to the arrow. 

71. Transformation of energy. —It has been found by experi¬ 
ment that when one kind of energy disappears or is expended, 
energy of some other kind is produced, and that, under proper con¬ 
ditions, the disappearance of any one of the known kinds of energy 
can be made to give rise to a greater or less amount of any other 
kind. 

It has also been found that the transformation of energy always 
takes place according to fixed proportions. For instance, when coal 
or any other combustible is burned, its chemical energy, or power 
of combining with oxygen, vanishes, and heat or thermal energy is 
produced, and the quantity of heat produced by the combustion of 
a given amount of coal is fixed and invariable. If the combustion 
takes place under the boiler of a steam-engine, mechanical work 
can be obtained by the expenditure of part of the heat produced, 
and here again the quantitative relation between the heat expended 
and the work gained in place of it is perfectly constant, 
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CHAPTER VI 
MOl.ECliI.AK ATTRACTION 


72, Cohesion and chemical affinity.—After having described, 
under the name of universal gravitation, the attraction which 
exists between the stars and planetary bodies ; and, under that of 
gravity , the attraction which the earth exerts upon all bodies in 
making them fall towards it, we have to investigate the attractions 
which hold together the ultimate particles or molecules of a body. 
These are—chemical affinity and cohesion. 

Cohesion is the force which unites two molecules of the same 
nature ; for example, two molecules of water or two molecules of 
iron. Cohesion is strongly exerted in solids, less strongly in 
liquids, and scarcely at all in gases. It decreases as the tem¬ 
perature rises. Hence it is that when solid bodies are heated, 
they first expand, then liquefy, and are ultimately converted into 
the gaseous state, provided that heat produces in them no 
chemical change. 

Cohesion varies not only with the nature of bodies, but also with 
the arrangement of their molecules: for example, the difference 
between tempered and untempered steel is due to a difference in 
the molecular arrangement produced by tempering. Many of the 
properties of bodies, such as tenacity, hardness, and ductility, are 
due to the modifications which this force undergoes. 

In large masses of liquids, the force of gravity preponderates 
over tfeatof cohesion. Hence liquids acted upon by the former 
forcelhaVe no'special shape ; they take that of the vessel in which 
they am contained- But in smaller masses cohesion gets the upper 
band, and liquids present then the spheroidal form. This is seen 
raindrops and in the drops of dew on the leaves of plants; it is 
pso seen when a liquid is placed on a solid which it does not 
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moisten ; as, for example, mercury upon wood. The same result 
may also be obtained with water, by sprinkling upon the surface 
of the wood some light powder such as lycopodium or lampblack, 
and then dropping some water on it. Molten lead, falling from 
a sieve at the top of a shot-tower, acquires the form of perfect 
spherical drops, which it retains on cooling. 

A very interesting experiment illustrating cohesion consists in 
introducing some coloured olive oil, by means of a pipette, into a 
mixture of alcohol and water, these liquids being mixed in such 
proportions as to have exactly the same specific gravity (no) as 
the oil (fig. 65); the latter does not mix with the surrounding 
liquid, but remains suspended in it as a sphere, which, if the 
experiment is carefully performed, has a larger diameter than that 
of die neck of the vessel. 

In dropping various liquids from bottles it is seen that the size 
of the drops is not the same—that of water is greater than that of 
alcohol, and it is greatest in those in which 
cohesion is greatest; and on this fact is based 
a method of measuring the force of cohesion in 
different liquids. 

Chemical affinity or chemical attraction is 
the force which is exerted between molecules 
not of the same kind. Thus, in water, which 
is composed of oxygen and hydrogen, it is 
affinity or attraction which unites these ele¬ 
ments, but it is cohesion which binds together 
two molecules of water. In compound bodies 
cohesion and affinity operate simultaneously, while in elementary 
bodies cohesion has alone to be considered. 

To chemical affinity are due all the phenomena of combustion ; 
when carbon burns, it is affinity which causes it to combine with 
the oxygen of the air to form the gas known as carbonic acid 
Affinity determines the combination of the elements, so that with a 
small number of them are formed the immense number of organic 
and mineral substances which serve for our daily uses. 

The causes which tend to weaken cohesion are most favourable 
to affinity ; for instance, the action of affinity between substances 
is facilitated by their division, and still more by converting them to 
a liquid or gaseous state. It is most powerfully exerted by a body 
m its nascent state—that is, the state in which the body exists at the 
moment it is disengaged from a compound; the body is then free 
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and ready to obey the feeblest affinity. An increase of temperature 
modifies affinity differently under different circumstances. In some 
cases, by diminishing cohesion and increasing the distance between 
the molecules, heat promotes combination. Sulphur and oxygen, 
which at the ordinary temperature are without action on each 
other, combine to form sulphurous acid when the temperature 
is raised. In other cases heat tends to decompose compounds ; 
thus many metallic oxides—as, for example, those of silver and 
mercury—are decomposed by the action of heat into gas and 
metal. 

73. Adhesion .—Adhesion is the term applied to the attraction 
between two bodies when their surjaces are placed in contact. 

If two leaden bullets are cut with a penknife so as to form two 
equal and brightly polished surfaces, and the two faces are turned 
against each other until they are in the 
closest contact, they adhere so strongly as 
to require a force of more than 3 or 4 ounces 
to separate them. The same experiment may 
be made with two pieces of perfectly plane 
brightly polished plate glass, g, fixed in 
wooden frames, at, cd, fig. 66; they are 
slid over each other with a certain pressure, 
and then adhere so firmly as not only to 
hold up the lower glass, but a considerable 
weight in addition. In some cases the 
adhesion is so powerful that they cannot be 
separated without breaking. As the experi¬ 
ment succeeds in a vacuum, the effect cannot 
be due to atmospheric pressure, but must be attributed to a reci¬ 
procal action between the two surfaces. Adhesion between two 
surfaces is the more complete the longer they have been in con¬ 
tact, and the greater the pressure between them, and the greater 
the extent of surface; it is also better the more polished the 
surfaces, and the freer they are from a layer of air or of metallic 
oxide. 

There is no real difference between adhesion and cohesion ; 
thus, Jff&en two freshly cut surfaces of india rubber are pressed 
together, they adhere with considerable force, and ultimately form 
one compact solid mass. The term adhesion is generally re¬ 
stricted to the case in Which the bodies in contact are of different 
nature. 
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Adhesion also takes place between solids and liquids. If we 
dip a glass rod into water, and then withdraw it, a drop will be 
found to collect at its lower extremity, and remain suspended 
there. As the weight of the drop tends to detach it, there must 
necessarily be some force superior to this weight which maintains 
it there; this force is the force of adhesion. It is more powerful 
than that between solids; thus, in the experiment represented in 
fig. 66, if a layer of oil is inter¬ 
posed between the plates, when pulled 
asunder each plate is moistened by the 
oil, showing therefore that in separat¬ 
ing the plates their cohesion is over¬ 
come, but not the adhesion of the oil 
to the metal. But liquids adhere to 
solids even when they are not wetted. 

Thus, if a smooth glass plate be sus¬ 
pended horizontally from one arm of a 
balance, and be counterpoised, as in 
fig. 67, and a mercury surface brought 
under the plate, so that they touch, a 
considerable weight must be placed 
in the other pan in order to detach 
the plate from the mercury. Small 
drops of mercury, too, adhere to the 
under side of a glass or porcelain 
plate. 

To adhesion is due the resistance 
experienced in lifting vertically a fiat 
board placed on water ; and to the 
same force is ascribed the difficulty 
met with in walking through thick 
mud. Adhesion is particularly strong 
"hen a liquid is brought in contact with a solid, and then solidifies 
by cooling or evaporation. On this depend the operations of 
glueing, cementing, and soldering. When two pieces of glass 
ure joined by cement, and the operation has been carefully per¬ 
formed, it often happens that the pieces of glass are torn asunder 
more easily than the cement. The collection of dust on the 
ceiling and walls of a room, writing with chalk or with a lead 
pencil, are also due to adhesion. The particles in these cases, ' 
however, are easily removed, as they only adhere to the surface 
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layer. In writing with ink or painting with water .colours the 
liquid, carrying with it the suspended solids, penetrates the pores, 
where they are left on the evaporation of the liquid. 

To adhesion it is due that liquids in being poured out of a vessel 
are apt to run down the sides. To prevent this, the outer edge is 
greased, or the liquid is allowed to flow along a moistened glass rod. 

The force of adhesion operates also between solids and gases. 
If a metal plate be immersed in water, bubbles will be found to 
appear on the surface. As air cannot penetrate into the pores of 
the plate, the bubbles could not nse from air which had been 
expelled, but must be due to a layer of air which covered the plate 
and moistened it like a liquid. 

In many cases when gases are separated in the nascent state on 
the surface of metals—as in electrolysis—the layer of gas which 
covers the plate has such a density that it can produce chemical 
actions more powerful than those which it can bring about in the 
free state. 

Many illustrations may be given of the existence of this layer 
of condensed gas. If we trace a figure with the finger on an 
ordinary glass plate, and then breathe on the glass, the figure 
becomes visible. Here the original surface layer had been re¬ 
moved, and then the greater condensation of aqueous vapour on 
the parts from which it was removed brings out the figure. 

If the plate be polished, so as to remove this layer, and an 
ordinary coin be placed on it, on afterwards removing the coin and 
breathing on the glass an impression of the com is seen. Here the 
layer of gas originally on the surface of the coin diffuses on to the 
glass plate, which thereby becomes altered. Conversely, if a coin be 
polished, and laid on an ordinary glass plate, it will partially remove 
the layer of gas from the parts in contact, so that on breathing on 
the plate the image is visible. 

CAPILLARITY. ABSORPTION 

74. Capillary ph e no men a.— When solid bodies are placed in 
contact with liquids, molecular attraction gives rise to a class of 
phenomena called capillary phenomena, because they are best seen 
in tubes so narrow that their diameters are comparable with that of 
a hair. These phenomena are treated of in physics under the head 
of capillarity or capillary attraction ; the latter expression is also 
applied to the force which produces the phenomena. 



Laws of Capillarity 


79 


The phenomena of jcapillarity are very various, but may ail be 
referred to the reciprocal attraction of the liquid molecules for each 
other, and to the attraction between these molecules and solid 
bodies. The following are some of these phenomena :— 

i. When a glass rod is placed in a liquid which wets it—water, for 
instance—the liquid, as if not subject to the laws of gravity, is raised 
upwards against the sides of the solid, and its surface, instead of 
being horizontal, becomes slightly concave (fig. 68). 

ii. If, instead of a solid rod, a hollow tube be immersed in 
water (fig. 69), not merely is the liquid raised around the tube, but 
it rises in the inside to a height which is greater the narrower the 
tube ; and, at the same time, the surface of the liquid inside the 
tube assumes a concave form. 



iii. If the tube is not moistened by the liquid, as is the case with 
mercury and glass, the liquid is depressed instead of being raised 
(fig. 70), and the more so the narrower the tube : and the surface 
which was previously concave now becomes convex. The surface 
of a liquid exhibits the same concavity or convexity against the 
Mdes of a vessel in which it is contained, according as the sides are 
or are not moistened by the liquid. 

75. Laws of capillarity.—The elevation and depression of 
liquids in capillary tubes, the internal diameter of which does not 
exceed two millimetres, are governed by the following laws 

I. When a capillary tube is placed in a liquid ,, the liquid is 
mhed or depressed according as it does or does not moisten the 
tube, and the action is the greater the smaller the diameter of the 
tube —that is, that if we have two glass tubes, one vvith a diameter 
of 1 mm. and the other with a diameter of 2 mm., if the ends are 
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placed in water, it would rise in the former tube to a height 
of ij-mm., and in the latter to a height of 30 mm. In a tube 
ft nm. in diameter it would rise to a height of 300 mm. The 
cells in plants have a diameter of mm., so that sap rises in 
them with great force. 

II. The height varies with the nature of the liquid\ and decreases 
as the temperature rises. Thus, in tubes of the same diameter, 
1 mm., the heights to which water, turpentine, and alcohol would 
rise would be 30, 13, and 12 mm. respectively. Provided the 
liquid moistens the tube, the material of the tube has no influence. 

76. Effects due to capillarity.—It is owing to capillarity that 
sap rises in plants, that water is retained in a sponge, that oil rises 

in the wicks of 
lamps, ink in the 
narrow slit of a 
pen, and melted 
tallow in the 
wicks of candles. 
The interstices 
which exist be¬ 
tween the fibres 
of the cotton, of 
which the wicks 
are formed, act as capillary tubes in which the ascent takes place. 
In very porous bodies, the pores, being in communication with each 
other, form a series of capillary tubes, which produce the same 
effect. If a lump of sugar be placed in a cup in which a little 
coffee is left, the liquid is seen to rise rapidly and fill the entire 
piece ; and it is even to be remarked that the sugar then dissolves 
more quickly than if it had been directly immersed in the coffee. 
This is due to the fact that in the latter case the air which fills the 
pores, not being able to escape so rapidly as if the piece of sugar 
is only partially immersed, prevents the liquid from penetrating 
into the mass of the sugar, and thus retards the solution. If oil or 
ink be dropped on the edge of a book, it penetrates to some distance 
in the leaves. 

Injietroieum lamps the liquid rises by capillary action in the 
wick:w "I considerable height above the level in the reservoir; 
oltve 6ii, for instance, could not be continuously burnt in such a 
lamp, for, being more viscous (84), it does not rise in the capillary 
channels rapidly enough to feed the flame. In oil lamps as well as 
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in candles, the flame is just above the reservoir of the liquid which 
feeds them. Petroleum is better suited than olive oil for loosening 
a screw rusted in a nut, since its capillary constant is greater. 

Spiders can often move on the surface of water without sinking 
(fig. 71 )• Similarly a fine sewing-needle gently placed on water does 
not sink. This is a capillary phenomenon caused by the fact that the 
cohesion of a free surface of a liquid is greater than in the interior : 
the surface is, as it were, covered by a stretched liquid membrane 
like that of an elastic skin, and this 
surface layer can thus support a slight 
weight. If the needle be washed in \ 
alcohol or potash so as to remove the 
slight layer of grease, it is wetted by 
the once as 

if the surface layer were broken. i| m j^SOjggjf^ Tmv 

The existence of this surface ten- 
si on may be illustrated by many 
as 

72. Two light glass rods arc con- at ~w a * iW„wt ^ 

by are 

joined by a cross thread. When this ■ f 

arrangement is immersed in a pro- 
perly prepared solution of soap, and 
is then withdrawn, a thin film ts j,- lg ?x 

formed, which, acting by its tension 

on the flexible sides, gives them a circular form. The cross thread 
has no particular shape, but if the part of the film below it be 
broken by means of blotting-paper, this, too, assumes the curved 
shape as shown in the figure ; and if it be pulled by another thread 
attached to it, the film stretches, but reverts to its original shape 
after the pull ceases. 

On this experiment is based a method of determining the sur¬ 
face tension of liquids. 

Another experiment by Van der Mensbrugghe is made by means 
of a wire frame (fig. 73), which is immersed in solution of soap, 
such as is used for blowing soap bubbles. On removing the frame 
from the solution a thin film is formed across it. A loop of fine silk 
thread moistened with the liquid in question is carefully placed on 
the film, and assumes any shape (fig. 73, a). By means of a hot 
wire the film is broken inside the loop, and the silk thread is then 
seen to stretch and assume a circular form (fig. 73, i). Before the 

G 
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fihn inside the loop was broken, the surface tension acted equally 
OH both sides of the thread, bnt after its rupture the tension oft the 

outer side of the thread was 
unbalanced, and, being equal 
in all directions, drew the 
thread into the circular form, 
rendering the remaining liquid 
surface as small as possible. 

A curious illustration of this 
phenomenon is that pointed 
out by Professor Boys. When 
a camel’s-hair pencil is im- 
' m Fig 73. i mersed in water (fig 74, a ) it 

presents the ordinary brush¬ 
like appearance, the hairs being separately visible, as when it is 
dry ; but when taken out they cling together, forming, as it were, 
a solid mass (fig. 74, m consequence of the surface tension of 
the liquid. ”A similar effect is observed on taking aquatic plants 
out of water. 

Among the phenomena due to surface tension may be mentioned 
the well-known one of the ‘ tears of wine ’ The surface tension of 




water in contact with air ts greater than that of any other liquid 
except mercury. It is more than three times as great as that of 
alcohol. When a wine-glass contains a little strong wine, the wine 
rises op against the sides like any other liquid ; but the alcohol 
eyaporates rapidly from (he surface, the consequence of which is 
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that the liquid layer becomes more watery. N ear the surface of the 
liquid the strength of the liquid layer is kept up by diffusion ; but 
higher up, owing to the increased surface tension of the more 
aqueous wine, it creeps up the sides and draws with it some of the 
stronger alcoholic liquid below, the increasing weight of which 
ultimately causes it to break and run down in drops (fig. 75). 

*s/i uahjfc&sa&.—Tk«s«. vktos. wAvcass. 
penetration of a liquid or a gas into a porous body. Absorption 
is used both for liquids and gases, while imbibition is restricted to 
liquids. 

Charcoal has a great power of absorbing gases. If a piece of 
recently heated charcoal be passed into a bell jar full of carbonic 
acid placed over a mercury trough (fig. 76), 
the volume of gas is seen to diminish rapidly, 
and it is found that the gas which has dis¬ 
appeared in penetrating the charcoal repre¬ 
sents a volume thirty-five times that of the 
solid. There are even gases, such as 
ammonia, of which charcoal can absorb 
ninety times its own volume. 

In general those gases which are most 
easily condensed to the liquid state are just 
those which are absorbed to the greatest 
extent by charcoal ; and it is highly probable 
that the gases thus absorbed are present in 
the liquid state. To this powerful absorp¬ 
tion of gases, displayed by charcoal and other 
porous substances, such as dry earth, the , Fij 

purifying action of these substances is due. 

The. absorption of gases by solids is attended by a considerable 
rise of temperature, as may be shown by the experiment repre¬ 
sented in fig. 77, in which a glass tube, a, is fitted by means of a 
cork into a wider one ; A is a plug of cotton-wool on the cork, and 
on this a layer of charcoal, is placed, which has been freed from 
air by means of an air-pump. In this is the bulb of a thermometer 
When a current of ammonia or of carbonic acid gas is admitted by 
the tube <*, the thermometer at once rises. Absorption takes place 
in all parts of plants» but more especially in the rootlets and by the 
leaves. These organs absorb carbonic acid associated with water, 
for the growth of the plants. Animal tissues can even absorb 
solid substances. For instance, in those processes of the arts 
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where the workmen have to handle salts of mercury or of lead, 
these metals are gradually absorbed into the system, and often 
produce serious and even fatal diseases. 

Owing to absorption, tobacco soon dries if kept in a 
wooden box ; while it remains fresh if kept in a metal 
one, for then its moisture is not absorbed by the metal as 
it is by the wood. 

When animal or vegetable matters absorb water, their 
volume increases. Thus if a tolerably large sheet ot 
dry paper be measured, and be then moistened, it will 
be found to have appreciably expanded by this process. 
This property is made use of sn stretching paper on 
drawing-boards ; the paper is moistened, and is then 
glued or fastened with pms round the edge of the board. 
In drying, the paper contracts, and is tightly stretched. 
For the same reason, too, wall-papers which have been 
fastened on cloth along the walls are sometimes liable 
to be torn. 

In bending wood, the side to be bent is heated, and 
the other side moistened. This latter being lengthened 
owing to the water it absorbs, while the former is con- 
pjg. 77 . tracted in consequence of the dryness, a curvature 
ensues which is concave on the heated side. 

It is frequently observed that, owing to the changes of volume 
which they undergo under the influence of moisture and dryness, 
the pieces of fttmiture of our rooms are heard to crack when the 
weather changes. 

By the absorption of moisture ropes become shorter, and 
lengthen when they dry. This may seem opposed to what has 
been stated about moist paper, but the explanation is not difficult. 
Ropes are formed of fibres twisted together, and as these fibres 
swell owing to the water they absorb, the rope becomes larger, and 
hence each fibre should make in coiling a longer circuit, and the 
rope will become shortened as it is moistened. For this reason, 
too, new cloths shrink considerably when they are moistened for 
the first time. 

78. Diffusion of liquids. Diosmose, —When oil and water 
are shaken violently together, they form a turbid liquid; but when 
this is allowed to rest, they settle in the order of their specific 
gravities, the oil uppermost—they do not mix. If a solution of 
runner snlohate be placed in a vessel, and then a lighter liquid 
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such as water, with which it is miscible in all proportions, is care¬ 
fully poured upon it, the two liquids will form two separate layers. 
After some time, however, even when the liquids are quite at rest 
it will be found that the lower and heavier 
liquid diffuses into the upper and lighter one, 
until after some time the whole forms a uni¬ 
form mixture. This phenomenon is called dif¬ 
fusion, and the rate at which it tatces place 
differs with the nature of the substances con¬ 
cerned. 

If the liquids are separated by a porous 
diaphragm or partition, other phenomena are 
observed, as may be shown by the experiment 
represented in fig. 78, where b is a vessel the 
bottom of which is closed by a piece of bladder, 
while in the neck is ntted a tube, r, resting 
in the lid by the cork, a. The vessel b con¬ 
tains saturated solution of copper sulphate, the 
outer vessel containing water, both liquids 
being originally at the same level, n n. After 
some time it will be seen that the liquid in 6 
becomes lighter in colour and at the same time, 
rises to a considerable height in the tube r ; the 
liquid in the outer vessel sinks below the level 
n n , and a bluish tinge shows the presence of 
someof thecoppersolution. It thus appearsthat 
both the liquids pass through the fine pores of 
the diaphragm in opposite directions, but with 
unequal velocities; the lighter liquid, the water, 
passes through the diaphragm more rapidly 
than the copper sulphate passes out, and accordingly there is an 
accumulation on the side of the salt. Ultimately, however, the liquid 
on each side is of the same concentration and at the same level. 

If a sheep’s bladder partially filled with strong brine, and 
tightly tied, be left in pure water, it will be found, after some time, 
to have become tightly distended. 

If a carrot or beetroot is cut and hollowed out, as shown in 
fig. 79, and powdered sugar is placed in the cavity, after a while 
this is converted into a concentrated solution, while the walls of the 
carrot shrink considerably, obviously owing to the feet that the 
water has diffused out of the cells. 
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This simultaneous passage of liquids in opposite directions 
through a porous diaphragm was first observed by Dutrochet, and 
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is known as diosmose. It is of great importance for animal and 
vegetable life. The cell-walls of plants, and the sides of animal 
cells and blood-vessels, show no pores even under a magnifying- 
glass ; yet the interchange of animal and vegetable juices takes 
place through them by means of diosmose, and it is by this process 
that the assimilation of nutritive substances and other physiological 
processes are carried on. 
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CHAPTER VII 
PROPERTIES SPECIAL TO SOLIDS 

79. Tenacity.—Besides the general properties which we have 
hitherto been considering, and which are met with in solids, liquids, 
and gases, there are some which are special to solids. They are— 
tenacity, hardness, ductility, and malleability. 

Tenacity is the resistance which bodies oppose to being broken 
when exposed to traction or stretching. To 
investigate this property a wire or thin rod 
of any material, c c' (fig. 80), is fixed at 
one end, while at the other is a vessel, /, 
to which weights can be gradually added ; 
for this purpose shot or sand, or even 
water, are most convenient. If the distance' 
between two fixed points, a and a', be 
noted, it will be found to increase with the 
weight added, and represents a lengthening 
of the wire. Accurate measurements show 
that if the weights are not too great, the 
elongation is proportioned to the stretching 
weight. What is called the coefficient of elas¬ 
ticity is defined as the force required to 
stretch a wire of unit cross-section to double 
its length, if this were possible. For steel 
wire this number is about a - 5 million kilo¬ 
grammes per sq, cm., or 25,000 kilo¬ 
grammes per sq. mm.; so that if a weight 
of 25 kilogrammes were applied to a wire 
one metre long and one sq. mm. in section, Fi *- 8o - 

the increase in length would be 1 ram. 

If wires of the same material but different diameters are used 
it will be found that when stretched by the same weight the 
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in crease of length is inversely as the cross-section. Thus, the 
elongation of a wire of i sq. mm. would for the same weight be 
twice as great as with one of 2 sq. mm., so that to produce with 
this the same elongation, double the weight would be needed. 

When the weights are removed the wire reverts to its original 
length ; this, however, is only the case if the weight is under a 
certain limit: beyond this the wire is permanently elongated ; the 
weight required to effect this is a measure of this limit of elasticity. 

On continuing the addition of weights, a point is reached at 
which the wire breaks. The weight required for this is called the 
breaking weight , and is the measure of the tenacity of the material. 
Thus, to break a wire 1 sq. mm. in cross-section the following 
weights in kilogrammes are needed : lead, 2-2 ; tin, 2-6; silver, 
39 ; copper, 40 ; brass, 50 ; iron, 63 ; steel, 83. For other materials 
we have : leather band, 2-9 ; hemp rope, 5-0 ; wood in the direc¬ 
tion of the fibres, 5-5. 

The proportionality between weight and elongation is also found 
in wires wound in spiral form, and on this depends their use for 
weighing (25). 

Tenacity is directly proportional to the breaking weight and to 
the cross-section of the wire. 

Not only does tenacity vary with different substances, but it 
also varies with the form of the body. Thus, for the same sec¬ 
tional area, a cylinder has greater tenacity than a prism. The 
quantity of matter being the same, a hollow cylinder has greater 
tenacity than a solid one. 

The shape has also the same influence on the resistance to 
crushing'as it has on the resistance to traction. A hollow cylinder 
with the same mass, and the same weight, offers a greater 
resistance than a solid cylinder. For this reason the bones of 
animals, the feathers of birds, the stems of com, and other plants, 
offer greater resistance than if they were solid, the mass remaining 
the same. 

80. Hardness. — Hardness is the resistance which bodies offer 
to being scratched by others. It is only a relative property, for 
a body which Is hard in reference to one body may' be soft in 
reference to others. The relative hardness of two bodies is ascer¬ 
tained by trying? which of them will scratch the other. Diamond is 
the hardest of all substances, for it scratches all, and is not 
scratched by any. The hardness of a body is expressed by 
referring it to at. scale of hardness j that usually adopted is— 
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1. Talc 5. Apatite 8. Topaz 

2. Rock Salt 6. Felspar 9. Corundum 

3. Calcspar 7. Quartz 10. Diamond 

4. Fluorspar 

Thus the hardness of a body which would scratch felspar, but would 
be scratched by quartz, would be expressed by the number 6'5. 

The pure metals are softer than their alloys. Hence for 
jewellery and coinage, gold and silver, which are soft metals, are 
alloyed with copper to increase their hardness. 

The hardness of a body has no relation to its resistance to im¬ 
pulsive force. Glass and diamond are much harder than wood, 
but the latter offers far greater resistance to the blow of a hammer. 
Hai'd bodies are often used for polishing-powders ; for example, 
emery, pumice, and tripoli. Diamond, being the hardest of all 
bodies, can only be ground by means of its own powder. 

81. Ductility. —Ductility is the property owing to which a great 
number of bodies change their forms by the action of stretching or 
pressure. 

Certain bodies, such as clay, wax, etc., are so ductile at ordinary 
temperatures that they can be drawn out, flattened, modelled be¬ 
tween the fingers ; others, such as resins and glass, require the aid 
of heat. Glass is then so ductile that it can be drawn out into fine 
threads, which are flexible enough to be woven into cloth. 

By melting in a blowpipe-flame apiece of quartz attached to one 
end of a small arrow, which is then shot from a crossbow, Boys 
has produced uniform quartz threads of almost any degree of 
fineness, and, relatively speaking, of enormous strength. Threads 
have been made whose diameter is estimated at a millionth of an 
inch, and threads of inch have been used in physical experi¬ 
ments ; they are relatively stronger than bar steel, having a tenacity 
of 80 tons to the square inch. 

Platinum is the most ductile of all metals. Wollaston obtained 
a wire of this material O'oooo3 of an inch in diameter, by coating a 
very thin platinum wire with a layer of silver so as to form a 
cylinder, which was then drawn out as finely as possible, so that 
both metals were equally extended. This was then placed in dilute 
nitric acid, which dissolved the silver, but left the platinum un¬ 
touched. A mile of this wire would not weigh more than a grain 
and a quarter. 

Several metals, such as gold, silver, copper, are ductile even at 
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ordinary temperatures, but require the use of powerful machines, 
such as the draw-plate or the rolling-mill. 

Many bodies, more especially steel, when suddenly coded after 
having been raised to a high temperature, become hard and brittle 
—•that is to say, break on the application of a slight blow. The 
most brittle metals are bismuth, antimony, and sine ; they can be 
easily powdered. 

By reheating and cooling slowly, which is called annealing, 
hard and brittlfe steel may be converted into 
a soft, flexible material, and in general, by 
varying the limits of temperature within 
which the change takes place, almost any 
degr ee of elasticity, hardness, and flexibility 
may be given to it. This operation is called 
tempering. Allcutting instruments are made 
of tempered steel. 

What are known as Rupert's drops are 
an excellent illustration of brittleness ; they 
are formed by dropping melted glass into 
cold water (fig. 81) ; when the point of one 
of them is broken oflf, the whole mass at once falls into fine 



powder. 

82. Mall eabili ty .—Malleability is that modification of ductility 
which is exhibited when metals are hammered. This property 
increases greatly with the temperature; everyone knows, for in¬ 
stance, that iron is easily forged when hot, and not when cold. 

Gold is very malleable, even at the ordinary temperature. To 
make the- extremely thin plates of gold known as gold leaf, the 
gold is first pressed, by means of the rolling-mill, into long plates 
about an inch in breadth and inch in thickness. These plates 
are cut into small squares and beaten out by means of a hammer ; 
these are cut and beaten again, and so on. By beating them 
directly, the operation could not long be continued, for the metal 
would be tom; hence the plates to be beaten must be placed between 
plates of a substance which, while thin, affords great resistance. 
Sheets of vellum and parchment are first used for this purpose, 
and afterwards gold-beaURs skin. 

Leaves of gold are thus obtained, which are so thin that 300,000 
superposed are only an inch thick. Silver and copper may also be 
' worked in the same manner. These leaves are used in thearts for 
gilding on wood, paper, and other materials. 
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The following is the usual order of the metals under the draw- 
plate, the rolling-mill, and the hammer, arranged in reference to 
their increased ductility :— 


Draw-plate 

Rolling-mill 

Hammer 

Platinum 

Gold 

Lead 

Silver 

Silver 

Tin 

Iron 

Copper 

Gold 

Copper 

Tin 

Zinc 

Gold 

Lead 

Silver 

Zinc 

Zinc 

Copper 

Tin 

Platinum 

Platinum 

Lead 

Iron 

Iron 


The metals must be pure ; if they are alloyed with other metals 
they are fragile, and have but little ductility. 
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BOOK II 

ON LIQUIDS 


CHAPTER I 

PRESSURES TRANSMITTED AND EXERTED BY LIQUIDS 

83. Hydrostatics. —The science of hydrostatics, from two Greek 
words signifying equilibrium of water, treats of the conditions of 
the equilibrium of liquids, and of the pressures they exert, whether 
within their own mass or on the sides of the vessels in which they 
are contained. 

84. Special characteristics of liquids.—One essential character 
of a liquid is the extreme mobility of its molecules, which are dis¬ 
placed by the slightest force. The fluidity of liquids is due to 
this property j it, however, is not perfect—there is always a sufficient 
adherence between the molecules to produce a greater or less 
viscosity. 

In respect to this property liquids differ greatly ; thus ether 
is extremely mobile, while glycerine and treacle have great 
viscosity. 

Another essential property of liquids, and one by which they 
are distinguished from gases, is their very small compressibility. 
We have already seen (13) that their compressibility is so small that 
for a long time they were regarded as being quite incompressible. 
It was not before 1823 that Oersted, a Swedish physicist, first proved 
S» an exact manner that liquids are compressible. The apparatus 
be used this purpose is called die pies&meter 1 compress, 

fUrpor, measure). By its means it has been found that a pressure 
of pae atmosphere compresses distilled water by about 
p art of its veffume ; mercury by the same pressure only undergoes 
about one-thirteenth as great diminution ; while the compressibility 



93 


- 8 «] 


Pascal’s Law 


of ether is more than twice as great as that of water. When the 
pressure is removed the liquid returns to its original volume. 

Liquids are also porous, elastic, and impenetrable, like all other 
bodies. The proofs of their porosity have been already given (9). 
Their impenetrability is manifested whenever a solid is immersed 
m water. For if a vessel be quite filled with water, and any solid 
body be placed in it which does not absorb the liquid, and in which 
the solid is insoluble, it will be observed that a volume of water 
flows over which is exactly equal to that of the solid immersed- 

On this property is based a method of determining with accu¬ 
racy the volume of bodies of irregular shape. 

85. Equality of pressures. Pascal’s law.—Liquids have the 
following remarkable property, which is expressed by what is often 
called ‘ Pascal’s law,’ for it was first enunciated by that distin¬ 
guished philosopher. 

Pressure exerted anywhere upon a mass of liquid is transmitted 


undiminished in all directions, 
and acts at right angles to surfaces 
exposed to the liquid. 

To get a clearer idea of the truth 
of this principle, let us conceive a 
cylindrical vessel, in the sides of j 
which are placed various cylindri¬ 
cal tubulures, all of the same size, 
and closed by movable pistons (fig. 
82). The vessel being filled with 
water, or any other liquid, the mo¬ 
ment any pressure is applied to the 
piston A, all the other pistons are 
pressed outwards, showing that the 
pressure is not merely transmitted 
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downwards upon the piston D, but laterally upon the pistons E 
and F, and upwards upon the pistons B and C. If, instead of 
pressing on the piston A, the pressure be exerted upon B, the same 
effects are produced ; the piston A is then forced upwards. 

In these different cases the pressure is twmsmitted in all 
directions with undiminished intensity, it being remembered that 
pressure means force per unit area. For instance, if the force on 
the piston A is 20 lb., and its surface is equal to that of the 
piston B, the upward force on the latter is also 20 lb.; but if the 
surface of the piston B is only a twentieth that of A, the force 
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upon B is only i lb. The force acting on each piston is equal to 
the pressure multiplied by the area of the piston. 

86. Consequence and verification of Pascal’s principle.—For the 
purpose of verifying Pascal’s principle, two cylinders are taken of 
unequal dimensions, joined by a tube (fig 83). These cylinders 

contain water, and are pro¬ 
vided with pistons which move 
m them with gentle friction. 
Now, if the surface of the 
larger one, P, for instance, is 
twenty times that of the 
smaller one, p, it will be found 
that a weight of 1 lb placed 
upon p will balance a weight of 
20 lb placed upon P ; if these 
weights are in any other ratio, 
equilibrium is destroyed. 

The principle of the equality of pressures forms the basis of the 
whole science of hydrostatics, and we shall presently find a very 
important application of it in the hydraulic press (92). 

87. Pressures resulting from the weight of liquids.—In 
what has been said we have considered the pressure transmitted 
towards the sides of the vessel when some external force is applied. 
It is not, how ever, necessary to exert an external pressure on the 
surface of a liquid in order to produce internal pressure m its mass 
and on the sides of the vessel. The mere weight of the liquid 
itself is sufficient to produce pressures which vary with the depth 
and with the density of the liquid. 

For suppose any vessel filled with itquid: if we conceive the 
liquid divided into horizontal layers of equal thickness, it is clear 
that die second layer supports the weight of the first; that the third 
supports the weight of the first and second, and so on j so that the 
pressure increases with the number of layers, which is expressed 
by saying that gravity produces in liquids pressures proportional 
to the depths. 

It is obvious, moreover, that these pressures are proportional to 
the density pf the liquids —that is, that, for the same depth, a liquid 
which ha* two or three times the density of another will exert twice 
or thrice as much pressure. 

it follows, from the principle of the equality of pressure in SQ 
directions, that the pressure produced by gravity in liquid* is exerted 
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not merely in the direction of this force, but laterally , and also 
upwards, as will now be demonstrated. 

88. Lateral pressure. Hydraulic tourniquet.—The existence 
of pressures which liquids exert upon the sides of the vessel in 
which they are contained, or lateral pressures, may be demon¬ 
strated by means of the hy¬ 
draulic tourniquet or Barker 1 s 
mill (fig. 84). This consists 
essentially of a long glass 
tube, C, with a funnel, D, at 
the top. The bottom of the 
lube fits into a hollow brass 
box, which rests on a pivot: 
in the sides of the box are 
fitted four brass tubes, ar¬ 
ranged crosswise,andallbent 
m the same direction at the 
ends. 

Water descending the long 
tube emerges by the aper¬ 
tures of the bent lubes, which 
are soon seen to rotate rapidly 
m the direction indicated by 
the arrow. This rotation is 
due to the lateral pressure 
exerted by the column of 
water in the long tube. Fot 
let us consider one of the 
bent tubes a A, Hi, repre¬ 
sented in section on the left 
(fig. 84), and suppose, first, 
that the orifices a and b are 
closed by cap3. The column 
of water which then fills the 8 * 

tube C exerts upon the portions of the opposite sides, A and a, 
equal and contrary pressures, which hold each other in equilibrium ; 
this is also.the case at B and 6 , and thus no rotation can be 
produced in either direction. But if the caps at a and b are re¬ 
moved, as the water issues by these orifices, the pressures on the 
vessel at a and b no longer exist, while those at A and B, continu¬ 
ing to act, produce the rotation. 
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Th* action of this lateral pressure may also be illustrated by 
placing a cylinder (fig. 85), filled with water, on a piece of cork, or 
on a board which is floated on water. In 
one side of the vessel is a stopcock, and 
on removing this the water jets out; the 
pressure on this side is less than on the 
opposite one, and accordingly the vessel 
floats on the water in the direction opposed 
to that in which the jet is issuing. 

Rotating fireworks also act on the 
same principle as Barker’s mill : that is, 
an unbalanced reaction from the heated 
gases which issue from openings in them 
Fls 85- gives them motion in the opposite direc¬ 

tions. 

The principle of Barker’s mill is of extended use in the con¬ 
struction of those hydraulic and steam motors which are known as 
turbines. 

It is owing to the lateral pressure of water that dykes and 
banks, which retain rivers or reservoirs or canals, sometimes give 
way by becoming too weak for the pressure they have to support. 

89. Vertical upward pressure.— 
The pressure which the upper layers 
of a liquid exert on the lower layers 
causes them to exert an equal re¬ 
action m an upward direction, a 
necessary consequence of the prin¬ 
ciple of transmission of pressure in 
all directions. 

The following experiment (fig. 
86) serves to exhibit the upward 
pressure of liquids. A large, open, 
glass tube, one end of which is 
ground, is fitted with a ground-glass 
disc, a, or, still better, with a thin 
card or piece of mica, the weight of 
4 which may be neglected. To the 

disc is fitted a string, d,by which it can be held against the bottom 
of die tube; The whole is then immersed in water, and the disc 
doe* not fall, although no longer held fay the string; it is con* 
’fOfUently kept i» it* position by the upward pressure of the water. 
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If water be now slowly poured into the tube the disc will only sink 
when the height of the water inside the tube is equal to the height 
outside. It follows thence that the upward pressure of the disc is 
equal to the pressure of a column of water, the height of which is 
the distance from the disc to the outer surface of the liquid. Hence 
the upward pressure of liquids at any point is governed by the same 
laws as the downward pressure. 

This upward piessure is termed the buoyancy of liquids ; it is 
perceived when the hand is plunged into water, and still more dis¬ 
tinctly if it is immersed in mercury, which, being of greater density, 
produces greater pressure. Thus it is that, if a leak be produced 
in the bottom of a ship, water rushes in with great force. 

90. Pressure is independent of the shape of the vessel.— 
The pressuie exerted by a liquid, in virtue of its weight, on any 
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portion of the liquid, or on the sides of the vessel in which it is 
contained, depends on the depth of the liquid and on its density, 
but is independent of the shape of the vessel and of the quantity of 
the liquid. 

This principle, which follows from the law of the equality of 
pressure, may be experimentally demonstrated by many forms of 
a Pparat«s. The following is one frequently used, and is due to 

H 
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Masson. It consists of a large, conical vessel, M, screwed to a 
brass tubuiure, c, fixed to a wooden support (fig, 87). This tubu¬ 
late is closed by a disc, a, which does not adhere to it, but is 
simply applied against the edge, and is 
kept there by a string attached to one end 
of the beam of an ordinary balance, at the 
other end of which is a scale-pan. Weights 
are placed m the latter, so as just to 
counterbalance the pressure of the water 
on the disc, when the vessel M is almost 
full , water is then gradually added until 
the disc just begins to give way and 
allows some to escape A screw, O, is then 
lowered until its point just grazes the 
surface of the liquid. If the vessel M 
be unscrewed, and replaced by the cylin¬ 
drical tube, P, the capacity of which is 
far less, on gradually pouring water in, 


the moment the level of the liquid just 
touches the point of the rod, O, the dibc, 
a, begins to allow some water to escape. 
1 he same result ensues if, for the straight 
tube, P, the inclined one, Q, be substi¬ 
tuted. In these three cases, therefore, 
provided the height of the liquid is con¬ 
stant, the pressure on the disc, a, is the 
same, wliatei er be the shape and capacity 
of the vessels. 

Moreover, the weight which has to 
be put on the scale-pan to establish equi¬ 
librium shows that the force exerted by 
^ Ig ' 88 ' the liquid cm the disc is equal to the weight 

of a column of water the base of which is the internal section of the 
tubuiure , c, and the height the vertical distance from the disc to the 
surface of the liquid. 

This principle is sometimes called the hydrostatical paradox, 
tor at first sight it seems quite impossible. 

The pressure at great depths in the sea is very considerable. 
A corked empty bottle, when loaded to make it sink and lowered 
to a Sufficient depth, is found when brought to the surface to be full 
of water, the pressure having forced the cork in, The bulbs of 
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thermometers for registering deep sea temperatures are provided 
with envelopes partially filled with the liquid (alcohol or mercury) 
of which the thermometer is made. Shellfish from great depths 
have shells which weigh as much as from one to two hundred 
pounds. Fish from the higher levels are killed when brought 
rapidly to lower depths, as is proved by experiments with the 
hydraulic press. 

91. Pascal's experiment—Pascal made the following experi¬ 
ment, which illustrates what great pressures may be produced by 
even small quantities of liquid when contained in vessels of great 
height. He fixed firmly in a stout cask, as represented in fig. 88, 
a very narrow tube about 30 feet in height, and then filled the cask 
and the tube with water. The effect of this was to burst the cask ; 
for there was a pressure on the bottom of the cask equal to the 
weight of a column of water whose base was the bottom itself, and 
whose height was equal to that of the water in the tube. 

92. Hydraulic press.—The law of the equal transmission of fluid 
pressure has received a most important application in the hydraulic 
press, a machine by which enormous pressures may be produced. 
Its principle is due to Pascal, but it was first constructed by 
Bramah in 1796. 

Fig. 89 represents an elevation, and fig. 90 a section, of the 
apparatus ; it consists of two iron cylinders or barrels, A and B, 
of unequal diameters. In the barrel A, which is of very small 
diameter, is a cylindrical rod, a , which acts as piston, and can be 
moved up and down by the lever O. In the cylinder B, the internal 
diameter of which is twelve to fifteen times that of the barrel A, is 
a long cylindrical iron ram, C, which also forms a piston, and works 
water-tight in the barrel B. On the top of the ram, C, is a thick iron 
slab, K, which rises and falls with it. Four wrought-iron columns 
support a second plate, MN, which is fixed. The objects to be 
pressed are placed between K and MN. 

When the piston is raised by means of the lever, the pressure 
is diminished in the barrel A, and a valve, S, at the bottom opens 
and allows water to pass from a reservoir, P, into the barrel. When 
a re-descends, the valve, S, closes ; but another valve, m, placed at 
the bottom of the tube d, opens ; the water is thus forced by 
this tube into the large cylinder, B. At the next stroke of the 
piston, a, a fresh quantity of water is drawn from the reservoir, P, 
and forced into the barrel, B, and so forth. 

In consequence of the principle of the equality of pressure, the 
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downward pressure exerted by the small piston, a, is transmitted 
upwards upon the piston C. The pressure which can be obtained 
depends on the relation between the sue of the piston C and that 
of the piston a. If the former has a transverse section fifty or a 
hundred times as large as the latter, the upward pressure on the 
large piston will be fifty or a hundred times that exerted upon the 
small one (85). By means of the lever, O, an additional advantage 
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is obtained. If the distance from the fulcrum to the point where 
the power is applied is five times the distance from the fulcrum to 
the piston a, the force on a will be five times that applied (35). 
Thus if a man acts on O with a force of 60 lb,, the force trans¬ 
mitted by the piston a will be 300 lb., and the force which tends 
tp raise the piston C will be 30,000 lb., supposing the section of C 
M$ a handled tunes that Of a. 
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The hydraulic press is used in nearly all cases in which great 
pressures are required. It is applied in compressing cloth, hay, 
cotton, gunpowder, and gun-cotton ; in extracting the juice of 
beetroot, in expressing oil from seeds, and in pressing apples in 
making cider ; in the extraction of stearine, and in flattening paper 
and cloth ; it also serves to test the strength of cannon, of steam 
boilers, and of chain cables, to bend iron and steel plates for 
armour-clad vessels, and to press the spokes of wheels to the axis. 
The parts composing the tubular bridge which spans the Menai 
Straits were raised by means of a hydraulic press. The cylinder 
of this machine, one of the largest which has ever been constructed. 
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was 9 feet long and 22 inches in internal diameter ; it was capable 
of raising a weight of 2,000 tons. 

The principle of the hydraulic press is also applied to the work¬ 
ing of heavy cranes, windlasses, the opening of dock gates, and to 
hydraulic lifts, which are of such extensive use in large warehouses, 
hotels, and the like. It is even used in working stage machinery. 

In these cases a hydraulic accumulator is used. The piston 
is loaded with very great weights, and water is continually forced 
into the cylinder by powerful pumps. From the bottom of this 
cylinder a tube conducts water to any place where the power is to 
be applied, and the flow of even small quantities of water which is 
under high pressure can perform a great amount of work. It is 
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thus applied with advantage to the transmission of power to a 
distance 

In London, water is supplied to consumers by the Hydraulic 
Power Company under a pressure of 700 lb. per sq. in.; and the 
quantity required for one horse-power would be about 175 gallons. 
The cost of power supplied in this way is about fourpence per horse¬ 
power per hour, which, although expensive for continuous working, 
is not so when it is intermittently used, and when only the quantity 
actually consumed is paid for. 
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CHAPTER II 
EQUILIBRIUM OF LIQUIDS 

93, Conditions of the equilibrium of liqnids.—We have seen 
(47) that the condition of the equilibrium of a solid is that its centre 
of gravity be supported ; all the other parts of the body then 
retain the same state of equilibrium, in consequence of cohesion, 
which unites the particles to each other and to the centre of 
gravity. This is by no means the case with liquids ; owing to 
the great mobility of their molecules, and the facility with which 
they obey the force of gravity, they would fly away and spread 
out if they were not retained by some obstacle. Hence a liquid 
cannot be at rest in any vessel, unless it satisfies the following con¬ 
ditions :— 

I. The free surface of the liquid 
must be hviizontal—that is, perpen¬ 
dicular everywhere to the direction of 
gravity. 

II. Each molecule of the miss of 
the liquid must be subject in every di¬ 
rection to equal and contrary forces. 

The second condition is self-evident; for if the forces exerted 
on any given particle, in two opposite directions, were not equal 
and contrary, the particle would be moved in the direction of the 
greater force, and there would be no equilibrium. Thus the second 
condition follows from the principle of the equality of pressures, 
and from the reaction which all pressure causes on the mass of 
liquids. 

To account for the first condition, relative to the free surface of 
the liquid, let us observe that in a liquid whose surface is horizontal, 
all the particles supporting each other, the action of gravity’ is 
balanced, and the liquid is at rest. But if the surface is not 
horizontal, if some parts are higher than others (fig. 91X the 
highest part, ab, exerts upon any horizontal layer, bd, a greater 
pressure than the part cd, and therefore, since any given 
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particlc, a, of the horizontal layer is exposed to a greater pres¬ 
sure in the direction bo than in the direction do, equilibrium is 
impossible. 

In saying that for a mass of liquid to be in equilibrium its surface 
must be horizontal, we must remark that that presupposes the liquid 
to be only acted upon by gravity, which is usually the case ; if it is 
under the action of other forces, for example, capillary forces (74), 
its surface is inclined so as to be perpendicular to the resultant of 
all the forces which act upon it. 

94. Level of liquids.—A liquid is said to be level when all the 
points of its surface are in the same horizontal plane. This, how- 
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ever, only applies to surfaces of small extent. For, as the direction 
Of the vertical constantly changes from one place to another on the 
surface of the globe, the directions of the horizontal surfaces change 
too—that is to say, a plane which is horizontal at one part of the 
earth’s surface is not parallel to a horizontal plane at a smalldistance; 
they fonn a very small angle with each other. Hence a liquid 
surface of some extent in a state of equilibrium, being necessarily 
horizontal in each of its parts, does not form one single perfectly 
plane surface, but a series of plane surfaces inclined to each other ; 
which of course produces a curved surface This curvature cannot, 
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however, be perceived on surfaces of small extent, as in water 
contained in a vessel; for the surface of such a liquid is so 
level that it reflects the rays of light like the most perfectly 
polished plane mirror. The curvature is, however, easily observed 
on large surfaces like those of the sea. For if this surface were 
perfectly level, a ship in sailing away from the shore would 
only cease to be visible in consequence of increasing distance, and 
the less apparent parts, the masts and the cordage, would dis¬ 
appear first. This, however, is not the case : the hull first sinks 
below the horizon, then the lower parts of the masts, and ulti¬ 
mately the top, as seen in fig. 92, thus proving the curvature of the 
surface of the sea. 

95. True and apparent level.—When we consider a great 
body of water—the Mediterranean Sea, for instance—its surface 
is said to be level when all points of the surface are equidistant 
from the centre of the earth. This is the true level ; while that 
level which is defined as having all the points of its surface in the 
same horizontal plane is the apparent level , the level for the eye. 
'I he true level only coincides with the apparent level when the liquid 
surfaces are very small. If the earth did not rotate about its own 
axis, the surface of all seas 
would form a true level ; 
but, owing to the centri¬ 
fugal force which results 
from its daily motion (31), 
the surface is heaped up at 
the equator, and the level 
is higher than at the poles. 

96- equilibrium of 
the same liquid in 
several communicating 
vessels.—Not merely do 
liquids tend to become 
level when they are placed 
in the same vessel, but 
also when they are placed 
in vessels which commu¬ 
nicate with each other. 

Whatever the shape and the dimensions of these vessels, equilibrium 
will exist token the surfaces of the liquids in all the vessels are in 
the same horizontal plane. 
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Si This principle may be demonstrated by means of the apparatus 
represented in fig. 93. - It consists of a series of vessels of different 
shapes and capacities, connected together by a common horizontal 
tube. When water or any other liquid is poured into the 
vessel, the level is seen to rise at the same time, and to stop at 
exactly the same height in each. Equilibrium is then established. 
For we have seen that the pressures exerted by a liquid do not 
depend upon its quantity, but upon its height (90); when this is 
the same, the pressure is necessarily everywhere equal for all the 
vessels above the tube of communication abc , and therefore, as the 
liquid has no more tendency to flow from b towards a than from 
b to 1 r, equilibrium continues. An ordinary tea or coffee pot is an 
illustration of this principle. The water stands at the same height 
in the spout as in the vessel itself. 

97. Equilibrium of different liquids in communicating 
vessels. —In what has been said, the communicating vessels all 

contained the same 
liquid. It may, how¬ 
ever, happen that the 
vessels contain liquids 
of different densities, 
which do not mix. The 
level is then no longer 
the same in both legs ; 
the lighter liquids are 
higher, and equilibrium 
is only possible -when the 
heights of the liquid 
columns in communica¬ 
tion , above the plane oj 
their common surface , 
are inversely as their 
Flg ' densities —that is, if one 

of the liquids is twice or thrice as dense as another its height will 
be half or one-third as much. 

This principle is demonstrated experimentally by means of the 
apparatus represented in fig. 94. It consists of two glass tubes 
connected at the bottom by a narrow tube. The tubes are sup¬ 
ported by two vertical columns, and on each of them is a scale 
graduated on the glass itself. If mercury is poured into one of 
the tubes it quickly assumes the same level in each. On now 
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pouring water into the tube A, the level of the mercury is seen 
to sink in this tube owing to the pressure of the water, and it rises 
in the other tube. Then, when equilibrium is established, the 
mercury in B is higher than in the tube A by a quantity cd. 
It is clear,|then, that the pressure of the column of mercury, cd, 
counterbalances the pressure of the column of water ab. If now the 
heights of ab and cd be measured by means of the graduated scales 
on the two tubes, it will be found that the 
height cd is I3'6 times as small as that of 
ab ; which demonstrates the above prin¬ 
ciple, for we shall presently learn that 
mercury is 13-6 times as heavy as water. 

98. Equilibrium of superposed li¬ 
quids.—In order that there should be 
equilibrium when several heterogeneous 
liquids which do not mix are super¬ 
posed in the same vessel, each of them 
must satisfy the conditions necessary for 
a single liquid ; and, further, there will 
be stable equilibrium only when the 
liquids are arranged in the order of their 
decreasing densities , from the bottom 
upwards. 

The last condition is experimentally 
demonstrated by means of a long narrow 
bottle (fig. 95) containing mercury, water 
saturated with potassium carbonate, alcohol coloured red, and petro¬ 
leum. When the phial is shaken, the liquids mix ; but when it is 
allowed to rest, they separate : the mercury sinks to the bottom, 
then comes the water, then the alcohol, and then the petroleum. 
This is the order of the decreasing densities of the bodies. The 
water is saturated with potassium carbonate to prevent its mixing 
with the alcohol. 

This separation of the liquids is due to the same cause as that 
which enables solid bodies to float on the surface of a liquid of 
greater density than their own. In like manner, fresh water, at 
the mouths of rivers, floats for a long time on the denser salt water 
of the sea ; the Gulf Stream (297) flows for a great distance owing 
to its smaller density ; and, for the same reason, cream, which is 
lighter than milk, rises to the surface. 
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APPLICATIONS OF THE PRINCIPLE OF THE EQUILIBRIUM 
OF LIQUIDS 

99. Water leveL—In a great number of operations, such as the 
construction of canals, railways, roads, in laying drains, etc., it is fre¬ 
quently necessary to determine the difference m level of two more or 
less distant places. The simplest apparatus for this purpose is the 
•water level which is an application of the conditions of equilibrium 
in communicating vessels. It consists of a metal tube bent at both 
ends, in which are fitted glass tubes ' v fig 96). It is placed on a tripod, 
and water poured in the tube until it rises in both limbs. When the 
liquid is at rest, the level of the water m both tubes is the same 
—that is, they are both in the same horizontal plane. 
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This instrument may be used in levelling, or ascertaining how 
much one point is higher than another. If, for example, it is 
desired to find the difference between the heights of two places, 
a levelling-staff is fixed on the distant place This staff consists 
of a rule formed of two sliding pieces of wood, one of which 
supports a piece of tin plate, in the centre of which there is a 
mark. This staff being held vertically, an observer looks at it 
through the level along the surfaces in the two tubes^and directs 
the holder to raise or lower the slide until the mark is in the 
line of the level in the two tubes. The assistant then reads off 
on the graduated rod the height of the mark above the ground. 
If this height exceeds that of the level, the height of the latter 
is subtracted from that of the former, and the difference gives the 
difference in the heights of the two places. 

too. Spirit leveL—The spirit level is both more delicate and 
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more accurate than the water level. It consists of a glass tube 
(fig- 97); very slightly curved ; it is filled with spirit with the ex¬ 
ception of a bubble of air, which tends to occupy the highest part. 



The tube is fixed in a brass case, which is so arranged that, when 
it is in a perfectly horizontal position, the bubble of air is exactly 
between the two points marked on the glass. But if the plane on 
which the instrument rests is ever so little inclined, the air-bubble 
tends to move towards the higher part. This, therefore, furnishes 
a ready means of ascertaining whether any article—a table, a stand, 
or a bookshelf—is quite horizontal in whatever position the level is 
laid. 

For use in surveying the level is fixed on a special form of 
telescope on a stand, the apparatus being known as a dumpy 
level. 

joi. Jets of water. Water supply.—The sea, springs, rivers 
are all communicating vessels in which water tends to find its 


level. This is also the case with 
water jets. 

Fig. 98 serves for the explana¬ 
tion of all the natural as well as arti¬ 
ficial applications of the principle. 
If water is poured into one of the 
limbs of the U tube, the liquid rises 
in the other, and when they are at 
rest the lev'el is the same in both. 
Suppose now that the limbs are of 
unequal length, the longer one 
being in connection with a reservoir 
of water, and the shorter one being 
provided with a stop-cock. If this 



is closed, and the liquid in the large branch is higher than the top 
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of the shorter branch by the length cd, the pressure on the stop-cock 
Will be that due to the column cd. Hence if the stop-cock is opened 
the water issues in a vertical jet in consequence of this pressure 
(fig. 99). The jet ought to rise to the height cd, that is, to the 
level of the source ; it does not quite reach this owing to the 
friction of water against the sides of the tube, to the resistance 
of the air, and_ to the particles which have risen falling on 
the jet. 

The most important application of this kind is to the water 
supply of towns. Water from a reservoir at a great height, which 
is usually fed by brooks and springs, is led through iron pipes in 
any direction, and through depressions and over elevations, pro¬ 
vided these latter are never higher than the source by which the 
pipes are fed. From the mains , as they are called, smaller pipes 
lead into the houses to be supplied. 

102. Streams, springs, wells.—The formation of springs upon 
the surface of the earth, and in its interior, is also due to the ten¬ 
dency of water to seek its level. For gravity causes water to flow 
from higher to lower places. Hence it is that the rain which falls 
upon the earth, and the water arising from the melting of snow, 
pass down to the valleys, where they form brooks, streams, and 
rivers, which flow along their beds as along an inclined plane, until 
they emerge into the seas. A very small fall can give rise to a 
current Thus the mean height of the Seine at Paris is not more 
than 35 yards above the level of the sea. The extent of its course 
between these two points is about 224 miles, which scarcely amounts 
to a fall of the jth part of an inch in a yard ; and water requires 
several days to traverse this distance. The average fall of the 
Mississippi is x in 900, that of the Rhine between Mannheim and 
Mayence 1 in 7,400. 

The rain which falls does not all flow upon the surface ; part of 
it penetrates into the earth, and gives rise to small, subterranean 
watercourses, which are called springs. It is in order to procure 
water from these that wells are sunk. 

103. Artesian wells.—When the spring which feeds a well 
comes from a place much higher than that where the well is sunk, 
it maybappen that water tends to rise above the ground. This is 

in what are called Artesian wells. These wells derive 
||SpE^iame from the province of Artois, where it has long been 
spstomary to dig them, mid whence their use in other parts of 
France and Europe was derived. It seems, however, that, at a 
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very remote period, wells of the same kind were dug in China and 
Egypt. 

The strata composing the earth’s crust are of two kinds : the 
one permeable to water, such as sand, gravel, chalk, &c. ; the other 
impermeable, such as clay. Let us suppose, then, a basin, H, of 
greater or less extent, in which the two impermeable layers AB, 
CD (fig. too) inclose between them a permeable .layer KK. The 
rainwater falling on the part of this layer which comes to the 
surface, which is called the outcrop, will filter through it, and, fol¬ 
lowing the natural fall of the ground, will collect in the hollow' of 
the basin, whence it cannot escape, owing to the impermeable 
strata above and below it. If now a vertical shaft, I, be sunk 
down to the water-bearing stiatum, the water, striving to regain its 
level, will spout out to a height which depends on the difference 



between the levels of the outcrop and of the point at which the 
boring is made. 

The waters which feed Artesian wells often come from a distance 
of sixty or seventy miles. The depth varies in different places. 
The well at Grenelle is 1,800 feet deep"; it gives 656 gallons of 
water in a minute, and is one of the deepest and most abundant 
which have been made. The temperature of the water is 27 0 C. 
It follows, from the law of the increase of temperature with the 
increasing depth below the surface of the ground (317), that, if 
this well were 210 feet deeper, the water would have all the year 
round a temperature of 32° C., which is the ordinary temperature 
of warm baths. 
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A well dug recently at Munden has a depth of 2,280 feet. In 
Algeria, and also m.Australia, whole districts of desert have been 
converted into fruitful oases by means of Artesian wells. Thus on 
the Bateman Estate three boreholes have been sunk in a country 
which formerly supported a few head of cattle. One of these, at 
a depth of 1,500 feet, yields a flow of 2,900 gallons per minute, 
enough to supply water for 60,000 sheep. The two others yield an 
even larger supply. 



CHAPTER III 


PRESSUKJ >5 SUPPORTED BY BODIES IMMERSED IN IIQUIDS 
SPECIHC GRAVITIES 

104 Pressure supported by a body immersed in a liquid.— 

When a solid is immersed in a liquid, it is obvious that the pressures 
which the sides of the vessel support are also exerted against the 
surface of the body immersed, since liquids transmit pressure in 
all dnections (85) But it is readily 
seen that the pressures which the 1m 
mersed body supports do not neutralise 
themsehes, but have a resultant, the 
tendency of which is to move the body 
upwards 

Let us imagine a cubeimmeised in 
a mass of watei (hg roi), and that four 
of its edges are vertical 'I he hou 
rental forces due to fluid pressure upon 
the two opposite faces, a and b, art 
clearly equal to each other, for they are 
exerted at the same depth (87) , and as 
they are in opposite directions, they will balance one another, and 
the only effect will be to compiess the body without displacing it 

But the vertical forces on the faces d and c are obviously un¬ 
equal The face d is pressed down wards by a column of water 
whose base is the face d, and whose height is dn ; the lower face, c, 
is pressed upwards by the weight of a column of water whose base 
is the face itself, and whose height is cn The cube, therefore, is 
urged upwards by a force equal to the difference between these 
two forces, which latter is manifestly equal to the weight of a 
column of water having the same base and the same height as this 
cube By this reasoning, therefore, we arrive at the remarkable 
principle, that any body immersed tn a liquid is pressed upwards 

1 



Fig iot 
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by a forte equal to the weight of the volume of liquid which it 
'displaces. We shall see how this principle can be experimentally 
Verified, 

105. Principle of Archimedes. Hydrostatic balance.— We have 
thus seen that any body immeTsed in a liquid is submitted to the 
action of two forces — gravity, which tends to make it sink, and 
the buoyancy of the liquid, which tends to raise it with a force 
equal to the weight of the liquid displaced. The body weighs less, 
therefore, than in air, and the diminution of its weight is exactly 
equal to the weight of the displaced liquid. The above principle 
may thus be enunciated : a body immersed in a liquid loses it 

part of its weight 
equal to the 
weight of the dis¬ 
placed liquid. For 
instance, suppose 
that a body which 
weighs 1,000 
grams in air dis¬ 
places a cubic 
inch of water 
when immersed in 
water ; it will now 
only weigh 1,000 
-252 = 748 grains 
(a cubic inch of 
water weighs 252 
grains). 

This principle, 
which is remar k- 
Fi g . ab)e for its nume¬ 

rous applications, 

is called the‘principle of Archimedes/after the discoverer. It is 
shown experimentally by means of the hydrostatic balance (fig. 102). 
This is an ordinary balance, each pan of which is provided with a 
hook; the rod, c, slides in the hollow cylinder, d. The beam is 
supported on the rod, r, which can be fixed in any position by 
means of a screw, ». The beam being raised, a hollow brass 
cylinder, b, is suspended to one of the pans, and below this a solid 
cylinder, a, whose volume is exactly equal to the capacity of the 
first cylinder; Lastly, an equipoise is placed in the other pan. tf 
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now the hollow cylinder, 6 , be filled with water, the equilibrium is 
disturbed ; but if, at the same time, the beam is lowered so thai 
the solid cylinder a becomes immersed in a vessel of water placed 
beneath it, the equilibrium will be restored. By being immersed 
in water the cylinder a loses a part of its weight equal to that of 
the water in the cylinder b. Now, as the capacity of the cylinders 
is exactly the same as that of the cylinder b , the principle which 
has been laid down Is proved. 

We have all had occasion to observe how much lighter our 
limbs appear in water, and, on the contrary, how much heavier they 
seem when lifted out. In like manner, if the body is almost entirely 
immersed in water, we can walk barefoot on the stones without 
injuring the feet ; but this is not possible when we are out of the 
water. For in the former case part of the weight of the body is 
raised by the liquid, while in the latter the whole weight of the 
body presses the feet against the sharp projections. So, too, a man 
can raise a stone in water by means of a rope which he could not 
do in air. 

106. Equilibrium of immersed and floating bodies.—When a 
body is placed in a liquid, three cases are possible : the body may 
have the same specific gravity as the liquid, in which case it weighs 
as much as the liquid for an equal volume ; or it may be denser, in 
which case it weighs more ; or it is lighter, and in this case it 
weighs less. 

I, If the body immersed is of the same density as the liquid, the 
weight of the liquid displaced being the same as that of the body, 
it follows from Archimedes’ principle that the buoyancy, which 
tends to raise it, is exactly equal to the force with which gravity 
tends to sink it. The two forces are thus in equilibrium, and the 
body remains in suspension in any position in liquid. 

II, If the body immersed is denser than the liquid, it sinks, for 
then its weight preponderates over the buoyancy. This is the case 
when a stone or a mass of metal is thrown into water. 

HI. Lastly, if the immersed body is lighter than the liquid, the 
buoyancy prevails, and the body rises until it only displaces a 
weight of liquid equal to its own. It is then said to float. Cork, 
wax, wood, and all substances lighter than water, float on its sur¬ 
face. Iron floats on mercury. 

In order to raise objects sunk in the sea, lighters are moored 
over them which are so full of water that they only just float, and 
which are connected with the objects by powerful chains. The 
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water is then pumped out of the lighter, and the buoyancy which is 
brought into play, by the substitution of air for water, exerts a 
steadily increasing, and ultimately enormous, pull on the immersed 
bodies. 

The erratic blacks of granite and the like which are found far 
away from the formations to which they belong have been trans¬ 
ported by icebergs in which they have been embedded. The 
buoyancy of ground ice may be so great as to lift stones and plants 
from the bottom. 

A body which floats on one liquid may sink in another ; that this 
may happen, the body must be lighter than the one liquid, but heavier 
than the other. An egg sinks at once if placed in ordinary water, 
since it is heavier than an equal quantity of water; but it swims 
if placed in strong brine, which is denser than water. A piece of oak 

floats on water, but sinks in ether, 
which is lighter than water. Iron 
floats on mercury, but sinks at once 
in water. 

Yet a body, though denser than a 
liquid, may float on its surface. For 
this purpose it must have such a shape 
as to displace a volume of liquid the 
weight of which is greater than its own. 
Porcelain is much heavier than water, 
yela porcelain saucer, placed on water, 
floats on the surface ; this arises from 
its concave shape, owing to which it 
displaces a weight of water equal to 
its own, though it is only partially 
immersed. For the same reason iron 
ships,'even with very thick sides, float 
freely on water. 

107. Cartesian diver. —The differ¬ 
ent effects of suspension, immersion, 
and floating are reproduced by means 
of a well-known hydrostatic toy, the 
Cartesian diver { fig. 103). It consists 
of a glass cylinder nearly full of water, 
on the top of which a brass cap, A, 
provided with a piston, is hermetically fitted. In the liquid there 
is a little porcelain figure—ja UsK, 0, for example—attached to a 



Fig. 103. 
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hollow glass ball, m, which contains air and water, and floats on 
the surface. In the lower part of this figure there is a little hole 
by which water can enter or escape, according as the air in the 
interior is more or less compressed. The quantity of water in the 
globe is such that very little more is required to make it sink. If 
the piston be slightly lowered, the air is compressed, and_ this 
pressure is transmitted to the water of the vessel and to the air in 
the bulb. The consequence is that, the air being compressed, a small 
quantity of water penetrates into the bulb, which therefore becomes 
heavier and sinks. If the pressure is relieved, the air in the bulb 
expands, expels the excess of water which has entered it, and the 
apparatus, being now lighter, rises to the surface. The experiment 
may also be made by replacing the brass cap and piston by a cover 
of sheet india rubber, which is tightly tied over the mouth. When 
this is pressed by the hand, the same effects are produced. 

108. Swimming bladder of fishes.—Most fishes have an air- 
bladder below the spine, which is called the swimming bladder. 
The fish can compress or dilate this at pleasure by means of a mus¬ 
cular effort, and produce the same effects as those just described— 
that is, it can either vise or sink in water. 

log. Swimming.—The human body is lighter, on the whole, 
than an equal volume of water ; it consequently floats on the surface, 



Fig. 104. 


and still better in sea water, which is heavier than fresh water. The 
difficulty in swimming consists, not so much in floating as in keep¬ 
ing the head above water, so as to breathe freely. In man the 
head is heavier than the lower parts, and consequently tends to 
sink ; and hence swimming is not natural to him, but is an art 
which requires, to foe learned. Quadrupeds, on the contrary, 
easily keep the head, which is less heave than the hinder part 
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of the body, above water, and these animals therefore swim 
naturally. 

If a person who cannot swim, and who falls into the water, 
could retain sufficient coolness to turn on his back, so that his face 
is out of water, he could breathe freely, and wait until help arrives. 
Instead of this, however, he generally attempts to raise his arms 
out of water, as if grasping at some fixed support. This is very 
dangerous ; for, as the arms no longer displace a quantity of liquid 
equal to their own bulk, their weight is not diminished to that 
extent, but concurs with that of the head in making him sink. 

Weight for weight, fat persons float more easily than lean ones, 
for they displace more water. For the same reason air-bladders, 
or cork girdles, known as safety belts , are fastened to persons who 
are learning to swim (fig. 104), for then, without any considerable 
increase of weight, they displace more water, which increases the 
buoyancy and keeps them up. 

Several kinds of birds, such as ducks, geese, and swans, swim 
easily on water. They owe this property to a thick coating of a 
light down, impervious to water, which covers the lower part of the 
body, so that even with a small immersion they displace a weight 
equal to their own. 

SPECIFIC GRAVITY. HYDROMETERS 

no. Specific gravity.—Daily experience shows us that different 
substances have very unequal weights for one and the same 
volume. For instance, we all know that gold weighs more than 
stiver, lead than iron, stone than wood. In order to compare 
equal volumes of various substances as to their weights, the weight 
of water has been taken as a standard of comparison. For 
water is everywhere met with, and can always be had pure ; this 
latter condition is necessary, for the weight of a given volume of 
water differs with the substances it holds in solution. As, more¬ 
over, the weight varies with the temperature, a constant temperature 
must be adopted. Hence the standard is taken to be distilled 
water at a temperature of 4 0 C., for at this point, as we shall after¬ 
wards see (244), water has its greatest density. 
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The specific gravity of a substance is the weight of any 
volume of it compared with the weight of the same volume 
of distilled water at 4 0 C. When we say, therefore, that the 
specific gravity of gold is 19, and that of lead 11, we mean 
that the former metal is 19 times, and the latter 11 times, 
as heavy as water at 4 0 C. 



WATER MARB* E LEAD PLATINUM 


Fig. 105. 

In order to get a clearer conception of the relative 
volumes of equal weights of different bodies, let us imagine 
that the square within which this portion of the text is 
inclosed represents the side of a cube of air; then the 
volumes of equal weights of water, marble, lead, and platinum 
will be represented by the corresponding cubes. 


m. Determination of the specific gravity of solids.—Three 
methods are commonly used in determining the specific gravities 
of solids and liquids. These are—the method of the hydrostatic 
balance, that of the hydrometer, and that of the specific gravity 
flask. All three, however, depend on the same principle—that of 
first ascertaining the weight of a body, and then that of an equal 
volume of water. We shall apply these methods to determining 
the specific gravity first of solids, and then of liquids. 

Hydrostatic balance .—To obtain the specific gravity of a solid— 
a piece of iron, for instance—by means of the hydrostatic balance 
(fig. 106) the iron is first weighed in air by suspending it to the hook 
of one of the pans. Let us suppose that its weight is 585 grains. 
It is then weighed while immersed in distilled water, as shown 
in fig. 106. It will now weigh less ; suppose the weight to be 510 
grains, this is in accordance with Archimedes’ principle, for it 
now loses a weight equal to that of the water which it displaces. 
Hence, subtracting 510 from 585, the difference 75 represents the 
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weight of the displaced water—that is, the weight of a volume of 
water equal to that of the iron. We need now only calculate how 
often the weight 75, that of the water, is contained in 585, that of 

the iron, and the quotient, 
7-8, is the specific gravity 
of iron ; it says that, for 
equal volumes, this sub¬ 
stance weighs 7’8 times 
as much as water. 

Nicholsons hydro¬ 
meter .—This apparatus 
consists of a hollow 
metal cylinder (fig. 107), 
to which is fixed a cone, 
d, loaded with lead. The 
object of the latter is to 
lower the centre of gravity 
so that the cylinder main¬ 
tains the vertical position 
when in the water. At 
the top is a stem, c, ter¬ 
minated by a pan, a , on 
which is placed the sub¬ 
stance whose specific gravity is to be determined. On the stem 
a standard point, c, is marked. 

The apparatus stands partly out of the water, and the first step 
is to ascertain the weight which must be placed in the pan in order 
to make the hydrometer sink to the standard point, r (fig. 108). Let 
this weight be 125 grains, and let sulphur be the substance whose 
specific gravity is to be determined. The weights are then removed 
frftm the pan, and replaced by a piece of sulphur which weighs less 
than 125 grains, and weights added until the hydrometer is again 
depressed to the mark, c. If, for instance, it has been necessary to 
add 55 grains, the weight of the sulphur is evidently the difference 
between 125 and 55 grains, that is, 70 grains. 

Having thus determined the weight of the sulphur in air, it is 
now only necessary to ascertain the weight of an equal volume in 
water. To do this, the piece of sulphur is placed in the lower pan 
at d, as represented in fig. 109. The whole weight is not changed, 
nevertheless the hydrometer no longer sinks to the standard point: 
the sulphur, by immersion, has lost a part of its weight equal to that 



Fig. 106 
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of the water displaced. Weights are added to the upper pan until the 
hydrometer sinks again to the standard. This weight—34-4 grains, 
for example—being the difference between the weight of the sulphur 
in air and its weight in water, represents the weight of the volume 
of water displaced : that is, of the volume of water equal to the 
volume of the sulphur. 

It is only necessary, therefore, to divide 70 grains, the weight 
in air, by 34^4 grains, and the quotient, 2-03, is the specific gravity 
sought. 

Specific gravity flask .— In this method, which is advantageously 
used for the determination of the specific gravity of bodies in a 



Fig. 107- Fig 10B, 109. 


state of powder, a wide-necked bottle is selected which can be 
carefully dosed by a ground-glass disc (fig. i jo). When filled with 
water, it is dosed with the disc, great care being taken that not a 
bubble of air is left. After being carefully wiped dry, it is placed 
in the pan of a balance, and by its side is the substance, a, whose 
specific gravity is to be determined. The whole is then equipoised 
by weights placed in the other pan of the balance. The sub¬ 
stance, a, is then removed, and weights added in its place, until 
equilibrium is again established. The weight necessary for this 
purpose gives the weight of the substance in air. * 

The substance is now placed in the flask, and displaces some 
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of the water ; the disc is adjusted, and the whole again carefully 
wiped dry. In order to equipoise the tare in the second pan, 
weights must now be added on the side 
of the flask to make up for the water dis¬ 
placed. The weights necessary for this 
purpose represent then the weight of a 
volume of water equal to that of the 
body. 

Dividing, then, the weight of the body 
in air by the weight of an equal volume of 
water, we have the specific gravity sought. 

112. Specific gravity of liquids. —These 
are determined by the same methods as 
those of solids. 

Hydrostatic balance .—In determining 
the specific gravity of a liquid by this means, a body is suspended 
to one of the pans of the balance, which is neither dissolved by 
the liquid whose specific gravity is to be determined, nor by 
water; for instance, a ball of platinum, which is insoluble in all 
ordinary liquids. This ball is first weighed in air, then in water, 
and finally in the liquid in question, which we will suppose is 
alcohol. Let us assume that the ball weighs 510 grains in air, 
in water 486 grains, and in alcohol 489 grains. The loss of 
weight in water has thus been 510 less 486, or 24 grains, and in 
alcohol 510 less 489, or 21 grains ; which tells us that if a volume 

of water equal to that of the 
ball weighs 24 grains, the same 
volume of alcohol weighs 2t 
grains. Hence, to obtain the 
specific weight of alcohol we 
must ascertain the number 
which expresses the ratio 21 to 
24, which of course is obtained 
by division. The quotient is 
o-866, which represents the 
specific gravity of alcohol as 
compared with water. 

Fahrenheit's hydrometer .— 
This instrument (fig. in) re¬ 
sembles Nicholson’s hydrometer, but it is made of glass, so as to 
be used in all liquids. At its lower extremity, instead of a pan, 
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it is loaded with a small bulb containing mercury. There is a 
standard mark on the stem, at the top of which is a pan. 

The weight of the instrument is first accurately determined in 
air by means of an ordinary balance. Let us suppose that its 
weight is 618 grains, and that the liquid whose specific gravity is 
to be determined is olive oil. The hydrometer is placed in water, 
and the pan, a, is loaded with weights, until the liquid is level 
with the mark on the stem. Suppose it has been necessary 
to add 93 grains for this purpose ; these 93 grains, together with 
the 618 which the instrument weighs, make 711 grains, which re¬ 
present the weight of water displaced by the instrument (106). The 
hydrometer is then removed, wiped dry, and immersed in the 
olive oil. Let us suppose that now only 31 grains need be added 


to sink the hydrometer to the mark. These, together with the 
618 grains which the instru¬ 
ment weighs, in all 649, 

represent the weight of the M ^ 

displaced oil. We thus learn 1 ^ 

that equal volumes of oil and 9 

water weigh respectively 649 HhHI 

and 711. Hence we obtain V 

the specific gravity of the 

latter as compared with the 

former by dividing 649 by q 

7n. The quotient is 091, 111 Hwj iif 

which teaches us that if 'HJ 

a certain volume of water 1 J) ' mi HH X As 

weighs 100 grains, the same if |fH 9 

volume of oil weighs 91 ac 

Neither Fahrenheit’s nor l! ■ M HpjS 

Nicholson’s hydrometers j| 1 ) 

give such accurate results as L 9 Bj HB 9 

the specific gravity bottle, j I j 5 B WWlM 

Specific gravity bottle .— | 1 

This consists of a cylindrical | jH 

reservoir, b (fig. 112), to %jP jSSSSSSSStk— 

which is fused a narrow Fig Jl2 


Fig- 113- 


tube, c, and to this again a 

wider one, a, closed by a stopper. Ia determining the specific 
gravity of a liquid, the bottle is first weighed£empty, and then, 
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saccessively, fall of water and of the given liquid to the mark c. If 
the weight of the empty bottle be subtracted from the two weights 
thus obtained, the result represents the weights of equal volumes of 
water and of the liquid under experiment, from which the specific 
gravity is obtained by division. 

An interesting method of comparing the specific gravities of 
liquids is represented in fig. 113, in which B is a three-way tube, 
provided with an india rubber tube and a mouthpiece. One of the 
ends, Aj, being placed in a standard liquid, G,, water, for example, 
the other, A,, is placed in the liquid to be examined. By suction the 
liquids are raised in the two tubes, and by means of a clip the tube 
S is closed, and the heights in the two tubes above the surface of 
the liquids in G„ G, read off ; the experiment is lepeated several 
times, and the means of the respective heights taken. They will 
be inversely as the specific gravities. 


Specific gravities of solids 


Platinum 

. 22-07 

Salt . 

2 22 

Gold . 

. 19-36 

Anthracite . 

r8o 

Lead . 

• n -35 

Coal 

132 

Silver . 

• 10-47 

Amber . 

. 107 

Copper 

. 8-87 

Ice at o° C. . 

. 0-93 

Bronze coinage 

. 8-66 

Oak . 

0-84 

Iron 

• 778 

Yellow pine . 

0-65 

Zinc 

6-86 

Common poplar . 

• 038 

Diamond 

• 3'53 

Cork 

0-24 

Statuary marble . 

. 2-83 

Snow 

0-18 

Aluminium . 

. 2-68 

Bull . 

007 

Glass . 

2-48 


• 


Specific gravities of liquids 


Mercury 

13-60 

Distilled water at 0° C. 

o *99 

Methylene iodide. 

334 

Claret .... 

099 

Bromine 

296 

Olive oil 

091 

Sulphuric acid 

1-84 

Liquid oxygen 

0-89 

Glycerine 

1-26 

Oil of turpentine . 

0-87 

Milk .... 

1 03 

Absolute alcohol . 

o-8o 

SUB water 

ro2 

Ether .... 

0-72 

Distilled water at 4 0 C. 

roo 

Pentane . . , 

0 - 62 , 
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rr 3. Use of tables of specific gravities.—Tables of specific 
gravities admit of numerous applications. In mineralogy the 
specific gravity of a mineral is often a highly distinctive cha¬ 
racteristic. Jewellers also use them. By means of tables of 
specific gravities the weight of a body may be calculated when 
its volume is known, and, conversely, the volume when its weight 
is known. 

With a view toexplaining the last-mentioned use of these tables, 
it will be well to state the connection existing between the British 
units of lengthy capacity , and weight. It will be sufficient for this 
purpose to define that which exists between the yard, gallon , and 
pound avoirdupois, since other measures stand to these in well- 
known relations. The yard, consisting of 36 inches, may be re¬ 
garded as the primary unit. The gallon contains 277-274 cubic 
inches. A gallon of distilled water at the standard temperature 
weighs lo lb. avoirdupois, or 70,000 grains troy; or, which 
comes to the same thing, one cubic inch of water weighs 252-5, 
grains. 

On the French or what is called the metric system the metre is 
the primary unit, and is so chosen that 10,000,000 metres are the 
length of a quadrant of the meridian from either pole to the equator. 
The metre contains 10 decimetres, 100 centimetres, or 1,000 milli¬ 
metres ; its length equals 1-0936 of a yard, or 39-37 inches. It is 
about a quarter of an inch longer than a pendulum which in this 
latitude beats seconds (65). The unit of the measure of capacity is 
the litre or cubic decimetre. The unit of weight is the gramme, 
which is the weight of a cubic centimetre of distilled water at 4°C. 
The kilogramme contains 1,000 grammes, or is the weight of a 
decimetre of distilled water at 4° C. The gramme equals 15-432 
grains. 

Suppose it is required to calculate the weight of a cubic foot o. 
coal. A cubic foot contains 1,728 cubic inches ; the weight of a 
cubic foot of water would therefore be 1,728 times 252-5 grains. This 
product divided by 7,000 (the number of grains contained in a 
pound avoirdupois) gives 62-3 lb. as the weight of a cubic foot 
of water ; and as we learn from the tables that coal is 1 -32 times 
as heavy as water, the weight of a cubic foot of coal will be 1-32 
times 62-3, or 83-16 lbs. 

114- Hydrometers. —The hydrometers of Nicholson and 
Fahrenheit are called hydrometers of constant immersion hut 
variable weight, because they are always immersed to the same 
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depth, but carry different weights. There are also hydrometers 
of variable immersion but of constant weight., known under the 
different names of acidometer, alcoholometer , lactometer , and sac- 
charometer. 

115. Beaume’s hydrometer.—This, which was the first of 
these instruments, may serve as a type of them. It consists of a 
glass tube, AB (fig. 114), loaded at its lower end with mercury, and 
with a bulb blown in the middle. The stem, the external diameter 
of which is as regular as possible, is hollow, and the scale is marked 
upon it. 

The graduation of the instrument differs according as the liquid 
for which it is to be used is heavier or lighter than water. In the 
former case it is so constructed that it sinks in water 
nearly to the top of the stem, to a point, A, which is 
marked zero. A solution of fifteen parts by weight 
of salt in eighty-fiverparts of water is made, and the 
instrument immersed m it. It sinks to a certain point 
on the stem, B, which is marked 15 ; the distance 
between A and B is divided into 15 equal parts, and 
the graduation continued to the bottom of the stem. 
Sometimes the graduation is on a piece of paper in 
the interior of the stem. 

The hydrometer thus graduated only serves for 
liquids of greater specific gravity than water, such as 
acids and saline solutions. For liquids lighter than 
water a different plan must be adopted. Beaumd took 
for zero the point to which the apparatus sank in a 
solution of 10 parts of salt in 90 of water, and for the 
graduation 10 he took the level in distilled water. 
This distance he divided into ten equal parts, and 
continued the division to the top of the scale. 

The graduation of these hydrometers is entirely arbitrary, and 
they give neither the exact densities of the liquids nor the quan¬ 
tities dissolved. But they are very useful in making mixtures or 
solutions in given proportions ; the results they give being suffi¬ 
ciently near in the majority of cases. For instance, it is found 
that a well-made syrup marks 35 0 on Beaumds hydrometer, 
from which a manufacturer can readily judge whether a syrup 
which is being evaporated has reached the proper degree of 
concentration. 

n6. Gay-Lussac’s alcoholometer. —The spirits of wine and 
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the brandy in daily use are essentially a mixture of pure alcohol 
and water. The more alcohol they contain, the stronger they are; 
the more water they contain, so much the weaker are they. Hence 
it is important to have a simple means of exactly determining the 
quantity of water contained in spirituous liquors. This is effected 
by means of Gay-Lussac's alcoholometer , which has the same shape 
as Beaurne’s, and only differs in the graduation. This is effected 
as follows :— 

Mixtures of absolute alcohol and distilled water are made, con¬ 
taining 5, io, 20, 30, &c. per cent, of the former. The alcoholo¬ 
meter is so constructed that, when placed in pure distilled water, 
the bottom of its stem is level with the water, and this point is zero. 
It is next placed in absolute alcohol, which marks 100, and then 
successively in mixtures of different strengths, containing 10, 20, 
30, &c. per cent. The divisions thus obtained are not exactly 
equal, but their difference is not great, and they are subdivided 
into ten divisions, each of which marks one per cent, of absolute 
alcohol in a liquid. Thus a brandy in which the alcoholometer 
stood at 48 would contain 48 per cent, of absolute alcohol, and the 
rest would be water. 

All these determinations are made at 15 0 C., and for that 
temperature only are the indications correct. For, other things 
being the same, if the temperature rises, the liquid expands, and 
the alcoholometer will sink ; and the contrary if the temperature 
falls. To obviate this error Gay-Lussac constructed a table 
which for each percentage of alcohol gives the reading of the 
instrument for each degree of temperature from 0° up to 30°. When 
the exact analysis of an alcoholic mixture is to be made, the 
temperature of the liquid is first determined, and then the point 
to which the alcoholometer sinks in it. The number in the table 
corresponding to these data indicates the percentage of alcohol. 
From its giving the percentage of alcohol this is often called the 
centesimal alcoholometer. 

TwaddelPs hydrometer is m common use in England for liquids 
denser than water. It is graduated so that the reading or number 
of degrees multiplied by 5 and added to 1000 gives the specific 
gravity referred to water as 1000. Thus to 0 Twaddell represents 
the specific gravity 1050, and 90° represents 1450. 

117. Lactometer.—The lactometer A is a form of hydrometer 
especially graduated for the purpose of ascertaining the quality of 
milk (fig. 115). This is accomplished in the following manner. 




The instrument is immersed in a vessel containing pure milk, the 
average density of which is 1-0322, and the point to which it sinks 
, is marked zero on a paper strip affixed 

1 to the stem. Mixtures are then made 
a! 0 f ^ 0 f pure milk and ^ of water ; 
y of^ and and so on to -ft of milk 
and ^ of water. The lactometer is 
f ■ successively immersed in these, and 

sinks to different depths ; the point 
IS at which it stops in each case is 

marked by a number on the stem, 

' 1 v and thus indicates a milk of a par¬ 

ticular strength—that is, one containing a certain quantity of 
admixed water. 

Tlie lactometer is, however, no infallible test for the intentional 
adulteration of milk ; for the density of natural milk is subject to 


variation, and an apparent fraud may really be due to a bad 
natural quality of milk. 
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CHAPTER 1 

PROPERTIES OF OASES. ATMOSPHERE. BAROMETERS 

ii 8. Physical properties of gases.—Gases, as we have already 
seen (7), are bodies which neither have form of their own, like 
solids, nor assume the shape of the containing vessel, like liquids, 
but are continually tending to occupy a greater space. This pro¬ 
perty of gases is known by the names expansibility^ tension , or 
elastic force , from which they are often called elastic fluids. 

The number of gases with which chemistry makes us acquainted 
is veiy considerable; but comparatively few are elementary, of 
which the principal are oxygen, hydrogen, nitrogen, and chlorine. 
Some gases are coloured, but most of them are colourless. Some 
have a disagreeable odour, others are quite inodorous. Some are 
noxious, acting as poison to men and animals which breathe them : 
such are carbonic oxide, which is produced by the combustion of 
charcoal; sulphuretted hydrogen, which is given off from drains. 
Others are inoffensive, such as nitrogen and hydrogen ; yet an 
animal cannot live in them. They are not deleterious in the 
sense of being poisonous ; but they do not support life. The 
only gas which has this property is oxygen ; an animal deprived 
of this gas, even for a short time, soon dies. 

Gases and liquids have several properties in common, and some 
in which they seem to differ are m reality only different degrees 
of the same property. Thus, in both the particles are capable of 
moving : in gases quite freely ; in liquids not quite freely, owing 
to a certain degree of viscosity. Both are compressible, though 
in very different degrees : if a liquid and a gas both exist under a 
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pressure of one atmosphere, and then the pressure be doubled, the 
water is compressed by about the part (84), while the gas 

is compressed by one-half. In density there is great difference ; 
water, which is the type of liquids, is about 770 times as heavy as 
air, the type of gaseous bodies, while under a pressure of one 
atmosphere. The property by which gases are distinguished from 
liquids is their tendency to indefinite expansion. 

By the aid of pressure and of very low temperatures, the force 
of cohesion may be so far increased in gases that they are con¬ 
verted into liquids. On the other hand, heat, which forces the 
particles farther apart, converts liquids, such as water, alcohol, 
and ether, into the aeriform state, in which they obey all the laws 
of gases. This aeriform state into which liquid may pass is 
known by the name of vapour , while gases are bodies which, 
under ordinary changes of temperature and pressure, remain in 
the aeriform state. 

In describing the properties of gases we shall, for obvious reasons, 
have exclusive reference to atmospheric air as their type. 

119. Atmospheric air.—Air is the gaseous fluid in which we 
live. It was regarded by the ancients as one of the four elements. 
Modem chemistry, however, has shown that it is a mixture of 
oxygen and nitrogen gases in the piopoition of 20-8 volumes of the 
former to 79-2 volumes of the latter. By weight it consists of 23 
parts of oxygen to 77 parts of nitrogen. 

The oxygen feeds all the combustions which are produced 
round about us ; and it also supports animal life. If it alone 
were present, or even if it were present in a larger proportion, 
combustion would be too brisk, and life too active. The inert 
properties of the nitrogen attenuate the too powerful effects of the 
oxygen. Air contains also a small percentage of argon , an inert 
gas like nitrogen, and still smaller percentages of other gases, named 
by Sir Wm. Ramsay, their discoverer, neon, krypton , and xenon. 

Air is inodorous, transparent, and colourless, at any rate in 
small masses. In larger masses it is blue ; thus arises the blue 
colour of the sky. Without air the sky would appear black ; it 
appears almost so when viewed from the tops of very high moun¬ 
tains, and from balloons ; for then the air above is very highly 
rarefied. ' 

Air too, in virtue of its elasticity, is the medium for transmitting 
sounds 4 so that, if we were without it, the use of speech and of 
lausic would be lost. 
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iso. Expansibility of gases. —This property of gases, their 
tendency to assume continually a greater volume, is exhibited by 
means of the following experiment. A blad¬ 
der closed by a stopcock, moistened so as to 
render it more flexible, and about half full of 
air, is placed under the receiver of the air- 
pump (fig. 116), and a partial vacuum is pro¬ 
duced, on which the bladder immediately 
distends. A spiral spring only exhibits 
elasticity when it is compressed ; it loses its 
elastic force when it has regained its original 
form. Gases have a continual tendency to 
expand ; they have no primitive volume, but, 
however rarefied, they always tend to occupy 
a continually greater space. Before the pump 
is worked the pressure inside the bladder is 
counterbalanced by the air in the receiver, which exerts an equal and 
contrary pressure. But when, by the action of the pump, this pressure 
is diminished, the internal pressure becomes evi¬ 
dent. When air is again admitted into the receiver, the 
bladder resumes its original form. The same effects 
would be produced whatever gases weie contained 
in the bladder, thus showing that all are expansible 

131. Weight of gases.—From their extreme 
fluidity and expansibility, gases seem to be unin¬ 
fluenced by the force of gravity ; they nevertheless 
possess weight, like solids and liquids. To show 
this, a glass globe of 3-or 4 quarts capacity is taken 
(fig. 117), the neck of which is provided with a stop¬ 
cock, which hermetically doses it, and by which it 
can be screwed to the plate of the air-pump. The 
globe is then exhausted as far as possible, and its 
weight determined by means of a delicate balance. 

Air is now allowed to enter, and the globe again 
weighed. The weight in the second case will be found Fig. 117. 

to be greater than before, and, if the capacity of the vessel is known, 
the increase will obviously be the weight of that volume of air. 

By a modification of this method, and with the adoption of 
certain precautions, the weight of air and of other gases has been 
determined (247). too cubic inches of dry air under the ordinary 
atmospheric pressure of 30 inches and at the temperature of t6° C. 





weigh 31 grains; the same volume of carbonic acid gas under the 
same conditions weighs 47*25 grains *, 100 cubic inches of hydrogen, 
the lightest of ail gases, weigh 2-14 grains ; and 100 cubic inches 
of hydriodic acid gas weigh Z46 grains. 

The ratio of the density of air at o° C. and 30 inches pressure 
to that of water at o° C. is found to be as 0*001293 is to 1. In other 
words, the latter is about 773 times as heavy as the former. 

122. The atmosphere. Experiments proving its weight. —The 
atmosphere is the name given to the layer of air which, like a light 
coating, surrounds our globe in every part. It shares the rotator) 
motion of the globe (31, 33), and would remain fixed relatively 
to terrestrial objects but for local circumstances, which produce 
winds, and are constantly distuibing its equilibrium. 

Besides the oxygen, nitrogen, and argon of which the air is com¬ 
posed, there is always present a quantity of aqueous vapour, which 
vanes with the temperature, the season, the locality, and the direc¬ 
tion of the winds. The mean amount of this m London is from 
5 to 6 grains m a cubic foot of air. 

It furthet contains from 3 to 6 parts in 10,000 of carbonic acid. 
This arises from the respiration of man and animals, from the decay 
of organic matter, and from the combustion of wood and coal. 
This latter cause of the production of carbonic acid increases every 
year. It has been calculated that in Europe alone about 104 mil¬ 
liards of cubic yards of carbonic acid are every year sent into the 
atmosphere from this source. This mass of gas is equal to what 
would be produced by 500 millions of individuals, each by the act 
of respiration converting 154 grains of carbon into carbonic add 
every hour. 

Notwithstanding this enormous continual production of carbonic 
acid on the surface of the globe, the composition of the atmosphere 
remains practically constant; for plants in the process of growth 
decompose the carbonic acid, assimilating the carbon, and restor¬ 
ing to the atmosphere the oxygen which is being continually con¬ 
sumed in the processes of respiration and combustion. Thus by 
a natural harmony, the atmosphere retains an almost uniform 
quantity of this gas, so that there seems no fear of its accumulating 
to such an cadent as to be injurious to the human race. The ques¬ 
tion as to the exact height of the atmosphere must be considered 
f as still awaiting settlement 

(23. Atmospheric pressure,— Having seen that air has weight, 
it is easy to conceive that the enormous mass of air which constitutes 
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the atmosphere must exert a great pressure on the surface of the 
earth, and on all bodies found there. This pressure is called the 
atmospheric pressure. It necessarily decreases as we ascend m the 
atmosphere ; for if we conceive the atmosphere resolved into hori¬ 
zontal layers superposed on each other, it is clear that the lower 
layers which support the weight of the whole atmosphere are the 
most compressed and the most dense ; while the higher layers are 
less and less compressed, and therefore less and less dense. This 
is expressed by saying that they are more rarefied or more rare. 
In saying that ioo cubic inches of air weighed 31 grains, it was 
understood that air at the sea-level was referred to ; at any greater 
height this v olume of air would weigh less. 

The pressure of the atmosphere may be demonstrated by a 
number of experiments, among which are the following .— 

124. Crushing force of the atmosphere—On one end of 
a stout glass cylinder, about 5 inches 
high, and open at both ends, a piece 
of bladder is tied quite air-tight. The 
other end, the edge of which is ground 
and well greased, is pressed on the 
plate of the air-pump (fig. 118) The 
bladder is pressed downwards by the 
it eight of the atmosphere, and is pressed 
upwards by the expansive force of the 
air in the cylinder. These two pressui es 
at first counterbalance each other—the 
bladder is equally pressed on both sides ; 
but as soon as the internal air is re¬ 
moved from the vessel, by the action of 
the air-pump, the bladder is depressed 
by the weight of the atmosphere above 
it, and finally bursts with a loud report, 
caused by the sudden entrance of the air 

125. Magdeburg hemispheres.—'Ihe preceding experiment only 
serves to illustrate the downward pressure of the atmosphere. 
Ily means of the Magdeburg hemispheres (fig. 119), invented by 
Otto von Guencke, burgomaster of Magdeburg, it can be shown 
that the pressure acts in all directions. This apparatus consists 
of two hollow brass hemispheres of 4 to 4t inches diameter, the 
edges of which arc made to fit tightly, and aie well greased. One 
of the hemispheres is provided with a stopcock and a short neck, by 
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wbich it can be screwed on the air-pump, and on the other there is 
a handle. As long as the hemispheres contain 
air they can .be separated without any difficulty, 
for the external pressure of the atmosphere is 
counterbalanced by the pressure of the air in 
the interior. But when the air m the interior is 
pumped out by means of the air-pump, the hemi¬ 
spheres cannot be separated without a powerful 
effort (fig 120) ; and as this is the case in whatever 
position they are held, it follows that the atmo¬ 
spheric pressure is exerted in all directions 

We shall presently see (128) that the pressure 
of the atmosphere on a square inch is equal to 
that of a weight which, in round numbers, may be 
taken at 15 lb Hence if, in the above experi¬ 
ment, the area, not of each of the hemispheres, 
but of the circle along which they are pressed, is 
lo square inches, the force by .which they are pressed togethei is 
150 lb , and this force would be required to separate them 
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Fig I20 

Otto von Guencke, the inventor of this apparatus, constructed 
hemispheres the internal diameter of which was about 2 feet; when 
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applied against each other and exhausted, twelve horses, six pull¬ 
ing at each hemisphere, were required to separate them. This 
experiment was made at the Diet at Regensburg in 1654. 


DETERMINATION OF THE ATMOSPHERIC PRESSURE 
BAROMETERS 

126. Torricelli’s experiment. —The above experiments demon¬ 
strate the existence of atmospheric pressure, but they give no 
indications as to its amount The 
following experiment, which was 
first made in 1643 by Torricelli, a 
pupil of Galileo, not merely proves 
the pressure of the atmosphere, 
but also gives an exact measure 
of its amount 

A glass tube C D is taken, 
about a yaid long and a quarter of 
an inch internal diameter (fig 121) 

It is sealed at one end, and is 
quite filled with mercury The 
aperture C being closed by the 
thumb, the tube is inverted, the 
open end placed in a small mer- 
cuiy trough, and the thumb re¬ 
moved The tube being in a 
\ertical position, the column of 
mercury sinks, and after oscillat¬ 
ing some time, it finally comes to 
1 est at a height, A, which at the 
level of the sea is about 30 
inches above the mercury in the 
trough. The mercury is raised 
111 the tube by the pressure of the 
atmosphere on the mercury in the 
trough There is no opposing pres- 
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sure inside the tube on the mercury, because it is closed. But if 
the end of the tube be opened, the atmosphere will press equally 
inside and outside the tube, and the mercury will sink to the 
level of that in the trough. It has been shown (97) that the 
heights of two columns of liquid in communication with each 



other are inversely as their densities ; and hence it follows that the 
pressure of the atmosphere is equal to that of a column of mercury, 
the height of which is 30 inches. That the mercury sank in the 
first case was due to its weight being greater than the pressure of 
the atmosphere. If, however, the pressure of the atmosphere 
diminishes, the height of the column which it can sustain must 
also diminish. 

127. Pascal'* experiments.— Pascal, who wished to prove that 
the cause of the suspension of the mercury in the tube was really the 
pressure of the atmosphere, made the following experiments .—1 If 
it were the case, he reasoned, the column of mercury ought to 
descend in proportion as we ascend in the atmosphere (123). He 
accordingly requested one of his relatives to repeat Torricelli’s 
experiment on the summit of the Puy de D6me m Auvergne This 
was done, and it was found that the mercurial column was about 
3 inches lower there, thus proving that it is really the weight of 
the atmosphere which supports the mercury', since, when this weight 
diminishes, the height of the column also diminishes 11. Pascal 
repeated Torricelli’s experiment at Rouen, in 1646, with other 
liquids He took a tube closed at one end, nearly 40 feet long, and, 
having filled it with water, placed it vertically in a vessel of water, 
and found that the water stood in the tube at a height of 34 feet ; 
that is, 13-6 times as high as mercury But since mercury is 13-6 
times as heavy as water, the weight of the column of water was 
exactly equal to that of the column of mercury in Torricelli’s 
experiment, the tubes having the same section, and it was conse 
quently the same cause, viz the pressure of the atmosphete, which 
supported the two liquids. Pascal’s other experiments with oil 
and with wine gave similar results He found, for instance, that a 
column of oil stood at a height of about 37 feet 

128. Amount of the atmospheric pressure. —Let us assume 
that the tube in the above experiment is a cylinder the cross- 
section of which is equal to a square inch , then, since the height 
of the mercurial column in round numbers is 30 inches, the column 
will contain 30 cubic inches, and as a cubic inch of mercury weighs 
2J2 - S x 13 6 - 3433'5 grains = o 49 of a pound (106), the pressure 
of such a column on a square inch of surface is equal to 14-7 lb 
Ip round numbers, the pressure of the atmosphere is taken at 15 lb. 
OH the square inch. A surface of a foot square contains 144 square 
inches, and therefore the force exerted upon it is equal to 2,160 lb 
dr nearly a ton. 
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A gas Or a liquid which acts in such a manner that a square 
inch of surface is exposed to a pressure of 15 lb., is said to exert 
a pressure of one atmosphere. If, for instance, the elastic force 
of the steam of a boiler is so great that each square inch of the 
internal surface is exposed to a pressure of 90 lb. ( - 6 * 15), we 
say it is under a pressure of six atmospheres. On the metric sys¬ 
tem the pressure of the atmosphere is equal to 1 '033 kilogramme 
per square centimetre ; in practice an atmosphere is taken to be. 
the pressure of a kilogramme on a square centimetre. 

129. Different kinds of barometers. —The instruments used 
for measuring the atmospheric pressure are called barometers. 
In ordinary barometers the pressure is measured 
by the height of a column of mercury, as in Torri¬ 
celli’s experiment ; the barometers which we are 
about to describe are of this kind. But there are 
barometers without mercury, one of which, the 
aneroid (146), is remarkable for its simplicity and 
portability. 

130. Cistern barometer. —Ordinary barometers 
are classed as siphon and astern barometers. Fig. 122 
represents the usual form of the cistern barometer. 

It consists of a glass tube, at, closed at one end, 
about 33 inches long, and about $ inch in dia¬ 
meter. The tube is filled with mercury, and then 
its open end is inverted in mercury contained in a 
glass vessel, A, of a peculiar shape ; only the front 
half of this is visible, the other being fixed in a 
mahogany board which supports the whole barometer. 

The bottom of the cistern forms a spherical well, 
which is filled with mercury, and in which the tube 
ai is immersed. The tube is not fixed tightly in the 
neck, so that the atmospheric pressure is freely trans¬ 
mitted to the mercury of the bath, and thus supports 
the column of mercury ai. If the pressure increases, 
the mercury rises; if it decreases, the mercury 
sinks. 

At the top of the tube, on the right, is a scale divided in inches 
to measure the height of the mercury in the tube. The graduation 
starts from the zero, which is level with the mercury in the bath. 
Hence, if the top of the mercury at a stands at 30 inches, for 
instance, this signifies that the height of the column of mercury is 






30 inches. Only a portion of the scale is given, since, under ordinary 
circumstances, the variations of the atmospheric pressure are 
within a very few inches, Where greater variations occur, as in 
the use of the barometer for measuring heights, the graduated 
part must be longer. 

It will be observed that the starting point of the graduation, 
the zero, is at the level of the mercury in the cistern. But the 
zero of the scale does not always correspond to the level of the 
mercury in the cistern. For as the atmospheric pressure is not 
always the same, the height of the mercurial column varies; 
sometimes mercury is forced from the cistern into the tube, and 
sometimes from the tube into the cistern, so that, in the majority of 
cases, the graduation of the scale does not indicate the true height 
of the mercury To diminish this source of error, the cistern has 
the form represented in fig. 122. Its upper part, that corresponding 
to the level of the mercury, is about 4 inches in diameter ; so that, 
whether the mercury passes from the cistern into the tube, or from 
the tube into the cistern, as it is spread over a large surface the 
variations in the level are very' small and may be neglected. 

To complete this description, it may be added, that on the 
scale is a small index, c, sliding along a vertical rod. When made 
level with the mercury this index points on the one side to the 
divisions on the graduated scale, and on the other side to certain 
designations, the meaning of which will be afterwards stated (137). 
In the middle of the tube are two thermometers, one with a 
Fahrenheit and the other with a Centigrade graduation. 

131. Fortin’s barometer.— Fortin's barometer (fig. 123) differs 
from that just described, in the shape of the cistern. The base 
Of the cistern is made of leather, and can be raised or lowered 
by means of a screw ; this has the advantage that a constant level 
can be obtained, and aiso that the instrument is made more 
portable. *For, in travelling, it is only necessary to raise the leather 
until the mercury, which rises with it, quite fills the cistern and 
the tube ; the barometer may then be inclined, and even inverted, 
without any fear that a bubble of air may enter, or that the 
Shock of the mercury may crack the tube. 

1 Fig. 123 shows the details of the construction of the cistern. It 
Consists of a glass cylinder 6 , which allows the mercury to be seen ; 
(she bottom of the cylinder is cemented to a boxwood cylinder, 
ts, on which is firmly fixed at « the chamois leather mtt, which 
ts the base of the cistern. At the bottom of the leather is a small 
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wooden button, x, against which the screw C works, by which it is 
raised or lowered. This screw works in the bottom of a brass 
cylinder, G, which is fastened on the glass cylinder. Fixed to the 
lid of the cistern is a small ivory pointer, a, the point of which 
exactly corresponds to the zero on the scale. The upper part of 
the cistern is closed by buckskin, ce, which is fastened to the 
barometer tube, E, and to a tubu- 
lure in the wooden lid M, which 
covers the cistern. The barometer 
tube is drawn out at the open 
end, which is immersed in the mer¬ 
cury. The atmospheric pressure 
is transmitted through the pores 
of the leather. When an observa¬ 
tion is taken with this barometer 
the mercury is first made level 
with the point <*, which is effected 
by turning the screw, C, either in 
one direction or the other. In this 
manner the distance of the top, B, 
of the column of mercury from 
the ivory point a gives exactly the 
height of the barometer, for the 
giaduation is measured from the 
point a. Lastly, the lower pait of 
the cistern is enclosed in a biass 
case, which is connected \v itli a lid 
by three rods, it, k, k. To the cis¬ 
tern is screwed a long brass case, 
uhich encloses the whole of the 
tube, as seen in fig. 124. At the 
top of this case there are two 
longitudinal slits, on opposite sides, 
so that the level of the mercury, 

IS, is seen. The scale on the case 
is graduated in millimetres or in 
inches. An index. A, moved by 
the hand, gives, by means of a vernier, the height of the mer¬ 
cury to 5^5 of a millimetre. At the bottom of the case is affixed a 
thermometer to indicate the temperature. 

>32. Gay-Lui sac's siphon barometer. —The siphon barometer 
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S tw? -cistern, but consists of a bent glass tube (fig. 125), one 
« branches of which is much longer than the other. The 
er branch, which is closed at the top, is filled with mercury as 
-Hi,the cistern barometer ; while the shorter branch, which is open, 
Serves as a cistern. The difference between the two levels is the 
height of the barometer. 



fig-125 Ug.116 tig IJ7 . F 1S i^8 


Fig. 125 represents the siphon barometer as modified by Gay- 
Lussac. In order to render it more available for travelling by pre¬ 
venting the entranceojair, he joined the two branches by a capillary 
tube ; when the instrument is inverted (fig. I2 6), the tube always 
remains full in virtue of its capillai ity, and air cannot penetrate into 
the longer branch. A sudden shock, however, might separate 
the mercury and admit some air. To prevent this, Bunsen in¬ 
troduced an ingenious modification into the apparatus. The longer 
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branch, A, is drawn out to a fine point, and is joined to a tube, B, 
of the form represented in fig. 127. By this arrangement, if air 
passes through the capillary tube it cannot penetrate the drawn- 


out extremity of the longer branch, but lodges 
in the upper part of the enlargement B. In 
this position it does not affect the observation, 
since the vacuum is always at the upper part 
of the tube; it is, moreover, easily removed. 
Fortin’s barometer (131) is generally also pro¬ 
vided with an air-trap of this kind. 

In Gay-Lussac’s barometer the shorter 
bianch is closed, but there is a very minute 
hole in the side i (fig. 127), through which the 
atmospheric pressure is transmitted. 

The barometric height is deteimined by 
means of two scales (fig. 129), which have a 
common zero at the middle of the longer 
branch, and are graduated in contrary direc¬ 
tions, the one from the middle to a , and the 
other from the middle to b, either on the tube 
itself or on brass rules fixed parallel to the 
tube. Two sliding indexes are moved until 
they correspond to the levels of the mercury in 
a and b. The total height of the barometer a b 
is the sum of the distances from the middle to a 
and b respectively. 

Fig. 128 represents a very convenient mode 
of arranging the open end of a siphon barometer 
for transport. The quantity of mercury is so 
arranged that when the Torricellian space is 
quite filled with mercury, by inclining the tube 
the enlargement is just filled to d. This is 
closed by a carefully fitted cork, fixed on the 
end of a glass tube, do , about a millimetre in 
diameter, which allows for the expansion of 



mercury by heat. When the barometer is to 
be used, the cork and tube are raised. 


133. Precautions in reference to barometers. —In constructing 
barometers, mercury is chosen in preference to any other liquid. 
For, being the densest of all liquids, it stands at the least height. 
When the mercurial barometer stands at 30 inches, the water- 
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barometer would stand at about 34 feet. It also deserves pre¬ 
ference because it does not moisten glass. It is necessary that 
the mercury be pure and free from oxide ; otherwise it adheres to 
the glass and tarnishes it. Moreover, if it is impure, its density is 
diminished, and the height of the barometer is too great Mercury 
is purified, before being used for barometers, by treatment with 
dilute nitric acid, and by distillation. 

The space at the top of the tube (figs. 121 and 129), which is 
called the Torricellian vacuum , must be quite free from air and 
from aqueous vapour, for either would depress the mercurial 
column. Now, glass tubes always condense aqueous vapour on 
their surface (73). Under the ordinary pressure of the atmosphere 
this layer of moisture adheres to the glass ; but in a vacuum, where 
there is no pressure, it escapes, and there is formed a mixture of 
air and aqueous vapour which depresses the mercurial column. 

The air and moisture can only be got rid of by boiling the 
mercury in the tube. To obtain this result a small quantity of 
pure mercury is placed in the tube and boiled for some time in a 
suitable apparatus. It is then allowed to cool, and a further 
quantity, previously warmed, added, which is boiled—and so on, 
until the tube is quite full ; in this manner the moisture and the 
air which adhere to the sides of the tube pass off with the mer¬ 
curial vapour. 

A barometer is free from air and moisture if, when it is in¬ 
clined, the mercury strikes with a sharp metallic sound against the 
top of the tube. If there is air or moisture in it, the sound is 
deadened. 

Owing to the capillary depression produced in liquids which do 
not moisten glass, the height of the column of mercury is some¬ 
what lower than the true height, and to a greater extent the 
narrower the tube. Accordingly a correction must be made for 
this, which with a tube to mm. in diameter amounts to o - 32 mm. ; 
for a tube 20 mm. in diameter this correction is so small as to be 
negligible, and accordingly standard mercury barometers are made 
of at least this width. 

In siphon barometers a correction is not necessary, since the 
capillary depressions in the two limbs act in opposite directions, 
and thus neutralise each other. 

The Torricellian space at the top of the barometer tube is not 
%tl absolute vacuum, since it contains the vapour of mercury. The 
,«jdstence of this was demonstrated by an experiment of Dewar, 
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who applied a sponge filled with liquid air against a vessel in 
which the vacuum had been made ; the intense cold caused by the 
evaporation of the air produced a deposition of the mercury on the 
sides of the vessel, in the form of a brilliant metallic layer. 

134. Glycerine barometer. —Jordan constructed a barometer in 
which the liquid used is pure glycerine. This has the specific 
gravity i'26, and therefore the length of the column of liquid is 
rather more than ten times that of mercury; hence small altera¬ 
tions in the atmospheric pressure produce considerable changes in 
the height of the liquid. The tube consists of ordinary composi¬ 
tion gas tubing about $ of an inch in diameter and 28 feet or so in 
length ; the lower end is open and dips in the cistern, which may 
be placed in a cellar ; the top is sealed to a closed glass tube an 
inch in diameter, in which the fluctuations of the column are ob¬ 
served. This may be arranged in an upper story, and the tubing, 
being easily bent, lends itself to any adjustment which the locality 
requires. 

The vapour of glycerine has very low pressure at ordinary 
temperatures, and hence there is not so much objection to the use 
of glycerine for barometric purposes as there would be to that of 
water. On the other hand, it readily attracts moisture from the air, 
whereby the density, and therewith the height, of the liquid column 
vary. Hence it is usual to cover the liquid in the cistern with a 
layer of paraffin oil. 

135. Variations in the height of the barometer.— When the 
barometer is observed for several days, its height is found to vary 
in the same place, not only from one day to another, but also during 
the same day. The extent of these variations—that is, the differ¬ 
ence between the greatest and the least height—is different in 
different places. It increases from the equator towards the poles. 
The greatest variations are observed in winter. 

The mean daily height is the height obtained by dividing the 
sum of twenty-four successive hourly observations by 24. In our 
latitudes, the barometric height at noon corresponds to the mean 
daily height. 

The mean monthly height is obtained by adding together the 
mean daily height for a month, and dividing by 30. 

The mean yearly height is similarly obtained. 

Under the equator, the mean annual height at the level of the 
sea is 758 mm., or 29-84 inches. It increases from the equator, and 
between the latitudes 30° and 40° it attains a maximum of 763 mm., 
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br 30-04. inches. In lower latitudes it decreases, and in Pari# it 
does not exceed 759-8 mm., or 29-79 inches. 

The general mean at the level of the sea is o m -76i, or 29-96 
inches. The mean monthly height is greater in winter than in 
summer, in consequence of the cooler atmosphere. 

Two kinds of variation are observed in the barometer: 1st, the 
accidental variations or changes, which present no regularity ; they 
depend on the seasons, the direction of the winds, and the geo¬ 
graphical position, and are common in our climates; 2nd, the 
daily variations , which are produced periodically at certain hours 
of the day. 

At the equator, and between the tropics, accidental variations 
are very infrequent ; but the daily variations take place with such 
regularity that a barometer may serve to a certain extent as a clock. 
The barometer sinks from midday till towards four o’clock ; it then 
rises, and reaches its maximum at about ten o’clock in the evening. 
It then again sinks, and reaches a second minimum towards four 
o’clock in the morning, and a second maximum at ten o’clock. 

In the temperate zones there are also daily variations, but they 
axe detected with difficulty, since they occur in conjunction with 
accidental variations. The hours of the maxima and minima 
appear to be the same in all climates, whatever be the latitude ; 
they merely vary a little with the seasons. 

136. Causes of barometric changes.—It is observed that the 
course of the barometer is generally in the opposite direction to 
that of the thermometer ; that is, that when the temperature rises 
the barometer falls, and vice versA ; which indicates that the 
barometric changes at any given place are produced by the ex¬ 
pansion or contraction of the air, and therefore by its change in 
density. If the temperature were the same throughout the whole 
extent of the atmosphere, no currents would be produced, and at 
the same height the atmospheric pressure would be everywhere 
the same. But when any portion of the atmosphere becomes 
warmer than the neighbouring parts, its specific gravity is dimi¬ 
nished, and it rises and passes away through the upper regions of 
the atmosphere ; whence it follows that the pressure is diminished, 
and the barometer falls. If any portion of the atmosphere retains 
its temperature, while the neighbouring parts become cooler, the 
same effect is produced; for in this case, too, the density of the 
first-mentioned portion is less than that of the others. Hence also 
it usually happens that an extraordinary fall of the barometer at 
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one place is counterbalanced by an extraordinary -rise at another 
place. The daily variations appear to result from the expansions 
and contractions, which are periodically produced in the atmosphere 
by the heat of the sun during- the rotation of the earth. 

137. Relation of barometric changes to the state of the weather.— 
It has been observed that, in our climate, the barometer is gene¬ 
rally above 30 inches in fine weather, and is below this point when 
there is rain, snow, wind, or storm, and also that, for any given 
number of days on which the barometer stands at 30 inches, there 
are as many fine days as rainy days. From this coincidence 
between the height of the barometer and the state of the weather, 
the following indications have been marked on the barometer, 
counting by thirds of an inch above and below 30 inches :— 


Height 

State of the weather 

31 inches . 

Very dry 

3 of » • 

Settled weather 

3 °i » • 

Fine weather 

30 

Variable 

29 $ » • 

Rain or wind 

29 i „ . 

Much rain 

29 „ 

Storm 


In using the barometer as an indicator of the state of the weather, 
we must not forget that it really only serves to measure the pressure 
of the atmosphere, and that it only rises and falls as this pressure in¬ 
creases or diminishes ; and although a change of weather frequently 
coincides with a change in the pressure, they are not necessarily 
connected. This coincidence arises from meteorological condi¬ 
tions peculiar to our climate, and does not always occur. That a 
fall in the barometer usually precedes rain m our latitudes is caused 
by the position of Europe. The most frequent winds are the 
south-west and north-east. The former coming to us from the 
equatorial regions are warmer and lighter. They often, therefore, 
blow for hours or even days in the higher regions of the atmo¬ 
sphere before manifesting themselves on the surface of the earth. 
The air is therefore lighter, and the pressure lower. Hence a fall 
of the barometer is a probable indication of the south-west winds, 
which gradually extend downwards, and, reaching us after having 
traversed large tracts of water, are charged with moisture, and 
bring us rain. 

The north-east wind blows simultaneously above and below, but 

1 . 






the hindrances to the motion of the current on the earth, by hills, 
forests, and houses, cause the upper current to be somewhat in 
advance of the lower one, though not so much as the south-west 
wind. The air is, therefore, somewhat heavier even before we per¬ 
ceive the north-east, and a rise of the barometer affords a forecast 
of the occurrence of this wind, which, as it reaches us after having 
passed over the immense tracts of dry land in Central and Northern 
Europe, is mostly dry and fine. 

The case is different in other countries. Thus on the eastern 
coast of South America, at the mouth of the River Plate, winds 
from the south-east bring rain and by their low temperature cause 
the barometer to fall. 

When the barometer rises or sinks slowly—that is, for two or 
three days—towards fine weatheror towards rain, it has been found, 
from a great number of observations, that the indications are then 

[ extremely trustworthy. Sudden changes in 
either direction indicate bad weather or wind. 

138. Wheel-barometer.—Fig. 130 represents 
the principle of the wheel-barometer, which was 
invented by Hooke (in 1665) ; it is a siphon baro¬ 
meter, and in the shorter leg there is a float 
which rises and falls with the mercury. A string 
attached to this float passes round a pulley, and 
at the other end there is another and some¬ 
what lighter weight. An index fixed to the 
pulley moves round a graduated circle, on which 
is marked variable, rain, fine weather , etc. 
When the pressure varies the float rises or 
sinks, and moves the index round to the corre¬ 
sponding points on the scale. 

. fThe barometers ordinarily met with in 
houses, and which are called weather-glasses, 
are of this kind. They are, however, of little 
use, for two reasons. The first is that they are 
neither very delicate nor precise in their indica¬ 
tions. The second, which applies equally to all 
barometers, is, that those commonly in use in this country are 
made in London, and the indications, if they are of any value, 
are only so for a place at the same level and of the same climatic 
conditions as London. Thus a barometer standing at a certain 
height in London would indicate a certain state of weather, but 
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if removed to Shooters Hill it would stand half an inch lower, 
and would indicate a different state of weather. As the pressure 
differs with the level and with geographical conditions, it is neces¬ 
sary to take these into account if exact data are wanted. 

139. Weight-barometer.—Great attention has been paid of 
late years to the systematic observations of meteorological instru¬ 
ments, and fig. 131 represents the essential parts of a self-acting 
arrangement by which changes in the barometric height may be 
observed and recorded. It is an application of what is called a 
weigh t-barometcr. 

The barometer-tube is much wider at the top. B, and the other 
end, A , which dips in mercury, is drawn out to a fine point. The 
bai ometer is suspended by a stirrup, 

C, to one arm, D, of a scale-beam. 

The other arm, F, is bent down¬ 
wards, and is provided with a slid¬ 
ing weight, by which the barometer 
may be counterpoised. To the 
beam is fixed a spring indicator, 

K, which has a pencil, R, at the 
end. This presses against a strip 
of paper, P P, which, by means 
of a clockwork arrangement, not 
represented in the figure, is moved 
at a regular and definite rate. 

If now the barometer is sta¬ 
tionary, and the clockwork is in 
motion, the pencil, R, will describe 
a straight line on the paper as it 
moves. If, however, the pressure 
of the atmosphere increases, the 
column of mercury becomes heavier, for it is longer, the scale- 
beam sinks somewhat on the side of D, and therewith the index, 
A’, moves to the light. The reverse is the case when the pressure 
of the atmosphere decreases. Hence, as the pressure varies, the 
pencil will trace out a curve on the paper ; and, by calculations 
based on the construction and dimensions of the apparatus, which 
are determined once for all for each instrument, the numerical 
significance of the curve is obtained at a glance. 

140. Determination of the heights of places by the barometer.— 
One of the most important of the uses of the barometer has 
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been its application to the measurement of the heights of places 
above the sea level. For if we suppose the atmosphere divided 
into horiiontal layers of equal thickness, a hundred, for instance, a 
barometer at the sea level would support the weight of a hundred 
of these layers. If it were raised in the atmosphere to the 
height of ten such layers, it would now only support the weight 
of ninety such layers ; and the mercury would therefore necessarily 
sink. It would sink still further if it were raised to the twentieth 
layer, and so on to the limit of the atmosphere, if that were possible. 
There it would be under no pressure, and the level of the mercury 
in the tube and in the cistern would be the same. 

As the mercury sinks in proportion as we rise in the atmosphere, 
we might, from the amount by which it is lower, deduce the height 
above the sea level. If air had everywhere the same density up to 
the extreme limit of the atmosphere, the calculation would be very 
simple; for as mercury is about 10,500 times as heavy as air, an 
inch of the barometer would correspond to a column of air of about 
875 feet; hence, in ascending a mountain, a diminution of an inch 
in the height of the barometer would correspond to an ascent of 
about 875 feet. But the density of the air decreases as we ascend, 
for the layers of air necessarily support a less weight ; hence, the 
measurement of the heights by the barometer is not so simple as 
we have supposed. Very complete tables have, however, been 
constructed, by which the difference in height between any two 
places may be readily ascertained, if we know the corresponding 
heights of the barometer. For small elevations we may assume 
that an ascent of 900 feet produces a depression of an inch in the 
height of the barometer. For measuring heights by the barometer 
the aneroid (146) is extremely convenient. 

On the top of the Righi the density of the air is only about 
of its density at the sea level ; or, what amounts to the same thing, 
11 cubic feet of air at the sea level weighs as much as 14 cubic 
feet taken from the top of the mountain. 

If a barometer be taken from the cellar to the fourth or fifth story 
of a large house, it will be found to stand jV of an inch or so lower. 

Mi. Height of the atmosphere.—In virtue of the expansive 
force of the air, it might be supposed that the particles would 
expand indefinitely into the planetary spaces. But, as the air ex¬ 
pands, its expansive force decreases, and is further weakened by 
the low temperature of the upper regions of the atmosphere, so that 
at a certain height the expansive force is balanced by the action of 
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gravity. It is therefore concluded that the atmosphere is limited. 
We may get an idea of the relation between the dimensions of the 
earth and its atmosphere, by imagining a globe 1 foot in diameter 
covered by an envelope of paper about ^ of an inch in thickness. In 
the lower regions of the air 13 cubic ieet of air weigh one pound ; 
at a height of 36 miles calculation shows that 84,000 cubic feet 
have that weight 

From the density of the atmosphere, and its decrease with increas¬ 
ing distance from the ground, the height of the atmosphere has been 
calculated at not less than 45 miles. Observations of shooting-stars 
make it probable that they become visible at a height of from 90 to 
130 miles. As their luminosity is ascribed to the heat developed 
by their friction against the atmosphere (23) we must suppose that 
at this great height there is some atmosphere, though it must be 
extremely attenuated. 

142. The pressure of the atmosphere is transmitted in all 
directions.—The atmosphere, like any other mass of fluid (84), 
must necessarily transmit its pressure in all directions, upwards 
and laterally as well as downwards. A striking instance of this 
is seen in the Magdeburg hemispheres (125), and the following 
experiment furnishes another illustration of this point. 

A tumbler full of water is carefully covered with a sheet of paper 


which is kept in posi¬ 
tion by one hand, while 
with the other the 
tumbler is inverted. 
Removing then the 
hand which held the 
paper, the water does 
not fall out, both water 
and paper being kept 
in position by the up¬ 
ward pressure(fig. 132). 



Fig 132. 



Fig. J33- 


The object of the paper is to present a flat surface of water, for 
otherwise the water would divide, and would allow air to enter, and 


then the experiment would fail. 

The use of the wine-tester also depends on the pressure of the 
atmosphere. It consists of a tin tube (fig. 133) terminating at the 
bottom in a small cone, the end of which, o, is open ; at the top 
there is a small aperture, which is closed by the thumb. The two 
ends being open, the tube is immersed in the liquid to be tested ; 
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clasvng then the upper end by the thumb, as shown in the 
figure, the tube is withdrawn, and remains filled in con¬ 
sequence of the pressure at o. But if the thumb be 
withdrawn, the pressure is transmitted both upwards 
and downwards, and the liquid flows out m obedience to 
the action of gravity The pipette (fig 134), which is 
used for adding a measured number of drops, is similarly 
explained 

143 Pressure supported by the human body.—The 

surface of the body of a man of middle size is about 
16 square feet, the pressure, therefore, which a man 
supports on the surface of his body is about 34,000 lb. 
or 15 tons Such an enormous pressure might seem 
impossible to be borne , but it must be remembered 
that m all directions there are equal and contrary pres¬ 
sures which counterbalance one another. It might also 
be supposed that the effects of this force, acting m all 
directions, would be to press the body together and 
crush it But the solid parts of the skeleton could resist 
a far greater pressure , and as to the liquids contained 
m the organs and vessels, it is clear from what has been 
said about liquids (84) that they are virtually incompressible. The 
internal air, too, is compressed by the weight of the atmosphere, 
and is under the same pressure as the 
outer atr, but resists it in virtue of its 
elasticity, being, in short, like a bottle full 
of air. The sides of the latter are pressed 
in by the weight of the atmosphere ; but 
they can stand this, however thm their 
walls, for the pressure of the gas from 
within quite counterbalances that which 
presses on the outside. 

The following experiment (fig. 135) il¬ 
lustrates the effect of atmospheric pressure 
on the human body. A glass vessel open 
at both ends, being placed on the plate of 
the an-pump, the upper end of the cylinder 
is closed by the hand and the pump is 
worked. The hand then becomes pressed 
by the weight of the atmosphere, and can only be taken away by 
9. great effort. And as the elasticity of the gas contained in the 


Fig 134 



Fig 135- 
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organs is not counterbalanced by the weight of the atmosphere 
the palm of the hand swells, and blood tends to escape from the 
pores. 

In balloon ascents and on very high mountains, travellers 
experience a strong pressure of blood towards the nose and eyes, 
owing to the fact that the elastic force of the enclosed air prepon¬ 
derates over the greatly 
diminished pressure of 
the outer air. 

A curious illustration 
of this influence of atmo¬ 
spheric pressure is met 
with in the structure of 
the arms and legs : the 
upper armbone, with its 
enlarged and rounded 
end, is jointed in a smooth 
and vacuous cavity of the 
shoulder-blade ; the up¬ 
per thigh-bone is jointed 
in a similar manner (fig. 

136). In ordinary cir¬ 
cumstances, the pressure of the outer air keeps these limbs in their 
place, so that muscular force is not required to raise them. But 
m high mountain ascents a remarkable feeling of fatigue is felt ; 
for then, owing to the diminished external pressure, the muscles 
aie called upon to help in supporting the arms and 
legs. 

The operation of cupping in medicine is an ap¬ 
plication of the effect of removing the atmospheric 
pressure from the human body. The human mouth 
applied upon a cut, in the action of sucking, is a 
kind of cupping apparatus. The mouth of the leech 
is such an apparatus with one lancet. 

Cupping is conveniently effected by means of 
the apparatus represented in fig. 137. The stout 
mdia rubber ball is compressed and the glass applied 
against the part treated. The sides of the ball resume their form, 
and in doing so produce a partial vacuum, so that if an incision in 
the skin has been made blood flows into the vessel, 
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CHAPTER II 

MFASUREMENT OF THE FLASTIC FORCE Of GASES 
144. Boyle’s law The Ian of the compressibility of gases 

I fi ture remaining the 

a given quantity of 
SSgg||;« gas is inversely as 

gggjK. the pressure which 

" yjB"" means of an appa- 

Fl * j 5 b Fl * '39- which is bent into a 

short vertical leg, is closed On the shorter leg there is a scale 
which indicates equal capacities ; the scale against die long leg 
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gives the heights. The zero in both scales is on the same hori¬ 
zontal line. 

A small quantity of mercury is poured into the tube, so that its 
level in both branches is at zero, a condition which is effected without 
much difficulty. The air in the short leg is thus under the ordinary 
atmospheric pressure. If mercury be then poured into the longer 
tube, the volume of the air in the 
smaller tube is gradually reduced. If 
this be continued until the volume is 
only one-half—that is, until it is re¬ 
duced from 10 to 5, as shown in fig. 

139—and if the height of the mer¬ 
curial column, CA, be measured, it 
will be found to be exactly equal to 
the height of the barometer at the 
time of the experiment. The pres¬ 
sure of the column CA is therefore 
equal to an atmosphere, which, with 
the atmospheric pressure acting on 
the surface of the column at A, makes 
two atmospheres. Accordingly, by 
doubling the pressure, the volume 
of the gas has been diminished to 
one-half. 

If mercury be poured into the 
longer branch until the volume of 
the air is reduced to one-third its 
original volume, it will be found that 
the distance between the mercury 
surfaces of the two tubes is equal 
to two barometric columns. The 
pressure is now three atmospheres, 
while the volume is reduced to one- 
third. 

The law also holds good in the 
case of pressures of less than one atmosphere. To demonstrate 
this, mercury is poured into a graduated tube, until it is about two- 
thirds full, the rest being air. It is then inverted in a deep trough, 
PM, containing mercury (fig. 140), and lowered until the levels of 
the mercury inside and outside the tube are the same, and the 
volume AB, which is then under a pressure of one atmosphere, is 
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noted. The tube is then raised as represented in -fig. 141, until 
the volume of the air, AC, is doubled. The height of the mercury 
in the tube above the mercury in the trough CD is then found to 
be exactly half the height of the barometer at the time of the 
A experiment. Accordingly, for half the pressure, the 

I I volume has been doubled. 

b In the experiment with Boyle’s tube, since the 

quantity of air remains the same, its density must 
obviously increase as its volume diminishes, and vice 
3 vers A. The law may thus be enunciated : ' For the 

same temperature the density of a gas is proportional 
to its pressure .’ Hence, since water is 773 times as 
heavy as air, under a pressure of 773 atmospheres air 
would be, supposing the law to remain the same at 
“"I that pressure, as heavy as water, 

aj | 2 a Boyle’s law is not strictly true. For air and all 

gases except hydrogen the volume diminishes in a 
w j greater ratio than the pressure increases. For ex- 

„i ample, if the pressure is increased to 30 atmospheres 

11 the volume is reduced to something less than a 

L 30th of its original value. The deviation from the 

„l| law first increases and then diminishes ; at a pressure 

~| of 152 atmospheres, about one ton per square inch, 

” ji it vanishes, and air accurately obeys the law. 

u |j The deviations being small vre may regard 

-i Boyle’s law as being exact for all gases at ordinary 

4S ii 1 pressures. 

M j| 145. Manometers.— Manometers are instruments 

for measuring the pressure of gases or vapours. In 
il '|j all manometers the unit chosen is the pressure of 

a j| one atmosphere, or 30 inches of mercury at the stan- 

II dard temperature, which, as we have seen (128), is 

'•ftjjA 147 lb. to the square mch. The open-air manometer 
* I w is represented in fig. 142 fixed against a board 

%er fastened to a wall and connected by a long tube C 

L " 'O’ 1 w 'th a steam boiler, not shown in the figure. It 

>43. consists of a glass tube about 20 feet in height, open 

at the top, and containing mercury' in the enlargement A. 

When the pressure of the steam in the boiler is equal to that of the 
atmosphere, the level of the mercury is the same in both branches, 
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At this level the number 1 is marked on the board. Then, since a 
column of mercury 30 inches in height represents a pressure of an 
atmosphere, the number 2 is marked at this height above 1 ; at a 
height of 30 inches above this the number 3 is marked, and so on, 
each interval of 30 inches representing an atmosphere. Thus, for 
instance, if the mercury has been forced up to 3$, as represented 
in the figure, that would indicate that the pressure 
of the steam in the boiler is 3^ atmospheres ; so 
that, on each square inch of the inner surface of 
the boiler, there is a pressure of 34* 147 lb., or 
51^ lb. 

The manometer with compressed air is founded 
on Boyle’s law ; it consists of a glass tube closed 
at the top (fig. 143), and filled with dry air. It is 
firmly cemented in a small bath containing mercury. 

By a tubulure, this bath is connected with the 
dosed vessel containing either the gas or vapour 
whose pressure is to be measured. 

In the graduation of this manometer, the quan¬ 
tity of air contained in the tube is such that, when 
the aperture communicates freely with the atmo¬ 
sphere, the level of the mercury is the same in the 
tube and in the bath. Consequently, at this level, 
the number 1 is marked on the scale to which the 
tube is affixed. As the pressure acting through the 
tubulure A increases, the mercury rises in the tube, 
until its weight added to the pressure of the com¬ 
pressed air is equal to the external pressure. 1 It 
would consequently be incorrect to mark two atmospheres in the 
middle of the tube ; for since the volume of the air is reduced to 
one-half, its elastic force is equal to two atmospheres, and, together 
with the weight of the mercury raised in the tube, is therefore more 
than two atmospheres. The position of the number is a little 
below the middle at such a height that the pressure of the com- 
piessed air, together with that due to the mercury in the tube, is 
equal to two atmospheres. The exact position of the numbers 2, 
3, 4, etc., on the manometer scale can only be determined by 
calculation. 

146. Aneroid barometer.—This instrument derives its name 
from the circumstance that no liquid is used in its construction 





Fig. 143. 
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(A, without, vrfpos, moist). Fig. 144 represents one of the forms of 
these instruments ; it consists of a cylindrical metal box, partially 
exhausted of air, the top of which is made of thin corrugated metal, 
so elastic that it readily yields to alterations in the pressure of the 
atmosphere. 


When the pressure increases, the top is pressed inwards ; when, 
on the contrary, it decreases, the elasticity of the lid, aided by a 
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spring, tends to move it 
in the opposite direction. 
'These motions are trans¬ 
mitted, by delicate multi¬ 
plying levers, to an index 
which moves over a scale. 
The instrument is gra¬ 
duated by trial, its indi¬ 
cations, under different 
pressures, being compared 
with those of an ordinary 
mercury barometer. 

The aneroid has the 
advantage of being port¬ 
able, and can be con¬ 
structed of such delicacy 
as to indicate the differ¬ 
ence in the pressure of 
the atmosphere between 


the height of an ordinary 
table and the ground. It is hence much used in surveying and 
in determining heights in mountain ascents. But it is somewhat 
liable to get out of adjustment, especially when it has been 
subjected to great rariations of pressure ; and its indications 
should from time to time be compared with those of a standard 
barometer. 


An aneroid indicating differences of one to two feet was used 
by the late Mr. Ralph Abercrombie, to determine the height of 
ocean waves, on a voyage from New Zealand to Cape Horn ; he 
found the average to be 47 feet. 
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Mixture and solution of gases 

147. Mixture of grases,—VVe have seen (98) that liquids, when 
they do not mix with or act chemically on each other, tend con¬ 
tinually to separate, and to become superposed in the order of 
their densities. This is not the case with gases ; being under a 
continual tendency to expand, when they mix, they do so in equal 
proportions in all parts of the vessel in which they are contained 
and the pressure of the mixture is equal to the sum of the pressures 
of the constituents. 

This result was shown experimentally by Berthollet, by means 
of an apparatus represented in fig. 145. It consisted of tw 0 glass 
globes provided with stopcocks, which could be screwed one on 
the other. The upper globe was filled with hydrogen, and the lower 
one with carbonic acid, which has 
22 times the density of hydrogen. 

The globes having been fixed together 
were placed in the cellars of the Paris 
Observatory, and the stopcocks were 
then opened, the globe containing 
hydrogen being uppermost, lierthollet 
found, after some time, that the pres¬ 
sure had not changed, and that, in 
spite of the great difference in density, 
the two gases had become uniformly 
mixed in the two globes. Experiments 
made in the same manner with other 
gases gave the same results, and it was 
found that the diffusion was more rapid 
m proportion as the difference between 
the densities was greater. 

In accordance with this principle, 
air being a mixture of nitrogen and Fi g . 145. 

oxygen, which are different in density, 

its composition should be the same in all parts of the atmosphere, 
which, in fact, is what has been observed. 

This is not inconsistent with the fact that there may be local 
accumulations of gases, such as carbonic acid in deep pits ; in such 
cases some cause is at work producing the gas in question faster 
than it diffuses. 
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Mixtures of gases come under Boyle’s law, like simple gases, 
as has been proved for air (144), which is a mixture of nitrogen 
and oxygen. 

The diffusion of gases was investigated by Graham. Numerous 
experiments illustrate it, some of the most interesting of which are 
the following:— 

A glass cylinder closed at one end is filled with carbonic acid 
gas, its open end tied over with a bladder, and the whole placed 
under a jar of hydrogen. Diffusion takes place between them 
through the porous diaphragm, and after the lapse of a certain time 
hydrogen has passed through the bladder into the cylindrical vessel 
in much greater quantity than the carbonic acid which has passed 
out, so that the bladder becomes very much distended outwards 
(fig. 146). If the cylinder be filled with hydrogen and the bell-jar 
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with carbonic acid, the reverse phenomenon will be produced—the 
bladder will be distended inwards (fig. 147). 

A tube about 12 inches long, closed at one end by a plug of dry 
plaster of Paris, is filled w'ith dry hydrogen, and its open end then 
immersed in a mercury bath. Diffusion of the hydrogen towards 
the air takes place so rapidly that a partial vacuum is produced, 
and mercury rises in the tube to a height of several inches (fig. 148). 
If several such tubes are filled with different gases, and allowed to 
diffuse into the air in a similar manner, in the same time, different 
quantities of the various gases will diffuse, and Graham found that 
the law regulating these diffusions is that the quantity of a gas 
which passes through a porous diaphragm in a given time is in¬ 
versely as the square root of the density of the gas. Thus, if two 
^vessels of equal capacity, containing oxygen and hydrogen, be 
separated by a porous plug, diffusion takes place; and after the 
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lapse of some time, for every one part of oxygen which has passed 
into the hydrogen, four parts of hydrogen have passed into the 
oxygen. Now, the density of hydrogen being 1, that of oxygen is 
16 ; hence the diffusion is inversely as the square roots of these 
numbers. It is four times as great in the one which has j*- the 
density of the other. 

148. Mixture of gases and liquids. Absorption of gases.— 

Water and many other liquids possess the property of absorbing 
gases. Under the same conditions of pressure and temperature a 
liquid does not absorb equal quantities of 
different gases. At the ordinary tempera¬ 
ture and pressure water dissolves its 

volume of nitrogen, jJfjy its volume of 
oxygen, its own volume of carbonic acid, 

3 5 times its volume of sulphuretted hydrogen, 

43*5 of sulphurous acid, 450 of hydrochloric 
acid, and 729 times its volume of ammonia. 

The number which expresses how many 
volumes of a gas one volume of a liquid will 
absorb is called its coefficient of absorption. 

The general laws of gas-absorption are 
the following :— 

I. For the same pis, the same liquid , and 
the same temperature , the weight of gas absorbed is proportional to 
the pressure. This may also be expressed by saying that at all 
pressures the volume dissolved is the same ; or that the density of 
the gas absorbed is in a constant relation with that of the external 
gas which is not absorbed. 

Accordingly, when the pressure diminishes, the quantity of 
dissolved gas decreases. If a solution of a gas in water be placed 
under the air-pump and the pressure is diminished, the gas obeys 
its expansive force and escapes with effervescence. 

The manufacture of aerated waters is a practical application of 
this law. By means of force-pumps (160) an excess of carbonic 
and is dissolved in the water, and the solution is then preserved 
m carefully corked vessels. It is the carbonic acid dissolved 
m beer, in champagne, and in all effervescing liquids, which, 
rapidly escaping when the bottles are uncorked, produces the 
'well-known report, and carries with it a greater or less quantity of 
the liquid. 

II . The quantity of gas absorbed is greater when the temperature 
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is Jvwer’. that is to say, when the elastic force of the gas I* 
less. 

III. The quantity of gas which a liquid can dissolve is inde¬ 
pendent of the nature and of the quantity of other gases which it 
May already hold in solution. 

For instance, if a given volume of water be already saturated 
with oxygen, of which it dissolves about of its volume, it would 
still dissolve its own volume of carbonic acid if it were placed m 
an atmosphere of that gas. 



CHAPTER III 


apparatus which depend on the properties of air 

149. Air-pump. —The air-pump is an instrument by which a 
vacuum can be produced in a given space, or rather by which air 
can be greatly rarefied, for a perfect vacuum cannot be produced 
by its means. It was invented by Otto von Guericke in 1650, a 
few years after the invention of the barometer. 

Fig. 149 gives a perspective view of the pump, fig. 150 gives a 
detailed longitudinal section, and fig. 151 a cross-section. 

The pump consists of two stout glass barrels in which two pis¬ 
tons P and Q, made of leather well soaked u ith oil, move up and 
down, and close the barrels air-tight. The pistons are fixed to two 
racks, A and B, working with a pinion K (fig. 151), which is moved 
by the handle M N, so that when one piston rises the other descends. 

The two barrels are firmly cemented on the base, H, which is of 
brass ; on this plate is a column, I, terminated by a plate, G. On 
tins plate is a glass bell-jar which is called the rereiver. In the 
interior of the column is a conduit, which is prolonged below the 
base between the two barrels. It there branches in the shape of 
.1 T, terminating in two apertures, a and b, in the bottom of the 
cylinders. These apertures are conical, and are closed by two 
small conical valves ; these latter are fixed to metal rods which 
work air-tight, but with gentle fiiction in the pistons. In the 
pistons is a cylindrical cavity communicating with the lower part 
of the pump by two apertures, s and t (fig. 151). These apertures 
are closed by small clack-valves, kept in position by springs which 
surround each of the rods themselves. The four valves, a, b, s, t, 
open upwards. 

These details being known, the working of the machine is 
readily understood. It is sufficient to consider what takes place 
with respect to a single piston (fig. 150). As the piston, P, which is 
supposed to be at the bottom of its stroke, rises, it lifts the rod 
which traverses it, and therewith the valve a, which remains open 
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dnring the ascent. The valve, /, which is in the piston, remains 
closed by the action of the spring and by the pressure of the 
atmosphere, which acts in the barrel through an aperture, r, in the 
cover. From this position of the two valves, it will be seen that, 
as the piston rises, the external pressure of the atmosphere cannot 
act in the bottom of the ban-el, but the air of the receiver, in virtue 
of its elasticity, expands and passes by the conduit, I and H, into 
the barrel. The receiver is still full of air, but it is more rarefied ; 
it is less dense. 

When the piston descends, the rod which bears the valve, a, 
descending with it, communication between the receiver and the 
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barrel is cut oft. The pressure of the air in the barrel increases, 
and finally overcomes the atmospheric pressure ; so that the valve, 
/, being pressed upwards by the air in the interior more strongly than 
it is pressed downwards by the atmosphere, is raised, and allows the 
air of the barrel to escape into the upper part of the barrel, and 
thence into the atmosphere. Thus a certain quantity of air has 
been removed. A fresh quantity is removed at a second stroke of 
the piston, another at the third, and so on. The air in the receiver 
is thus gradually more and more rarefied ; yet the air cannot be 
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entirely extracted, for it ultimately becomes so rarefied, both in the 
receiver and in the barrel, that when the piston, P, is at the bottom 
of its stroke, the compressed gas below the piston has no longer 
sufficient force to 
overcome the re¬ 
sistance of the 
atmosphere and 
raise the valve, t. 

The limit of rare¬ 
faction has then 
been attained, and 
it is useless to 
wotk the pump any 
longer. 

What has been 
said in reference 
to one barrel ap- in 
plies also to the 
other. The ma¬ 
chine will work 
with one ; and the 
first air-pumps had 
but one. The ad- 
i,Ullage of having 
two is that the 
vacuum is moie 
rapidly- produced 
and the labour much diminished The use of double-action air- 
pumps was first introduced by Hawksbee. 

150 Measurement of the degree of rarefaction in the receiver.— 
Since a perfect vacuum cannot be obtained in the receiver, it is 
useful to have a means of ascertaining the degree of rarefaction 
at any particular time. This is effected by means of a glass 
c)hnder, E, connected by a brass tube with the conduit in the 
column I (fig. 149). In this cylinder is placed a bent glass tube, 
closed at one end and open at the other. This is called the 
air-pump gauge. It is fixed against a plate, on which is a gra¬ 
duated scale. The closed branch being at first full.of mercury, so 
long as the air in the receiver, R, and in the cylinder, £, has sufficient 
piessure, it sustains the mercury' in the tube, the height of which 
is fiom six to eight inches. But as the pump is worked, the air 
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becomes more and more rarefied) and the pressure is no longer 
sufficient to retain the column of mercury m the closed limb. It 
accordingly sinks in this limb and rises in the other The greater 
the rarefaction, the smaller the difference of the level in the two 
limbs They are, however, never exactly equal that would corre¬ 
spond to a perfect vacuum The mercury is usually at least j^th 
of an inch higher m the closed branch This is expressed by 
saying that a vacuum has been created within ^th of an inch. 



151 Uses of the air-pump.—A great many expenments with 
the air-pump have been already desenbed Such are the mercurial 
ram (fig i), the fall of bodies in v acuo (fig 45), the bladder (fig. 116), 
the bursting of a bladder (fig m 8 ), and the Magdeburg hemispheres 
(fig. 119) 

The fountain m vacuo (fig 152) is an experiment made with the 
air-pump, and shows well the elastic force of the air It is an 
elongated flask, A, with a stopcock at the base, provided with a 
tube which projects in the intenor and terminates in a fine nozzle. 
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The flask is screwed to the plate of the air-pump, the air inside it 
exhausted, the stopcock closed, and the apparatus placed in a 
vessel of water, R. When the stopcock is opened, the atmospheric 
pressure forces the water through the nozzle in a jet, as shown 
in the drawing. 

By means of the air-pump it may be shown that air, by reason 
of the oxygen it contains, is necessary for the support of combus¬ 
tion and of life. For if we place a lighted taper under the receiver 
and begin to exhaust the air, the flame becomes weaker as rare¬ 
faction proceeds, and is finally extinguished. Similarly, an animal 
faints and dies if a vacuum is formed in a receiver under which it 
is placed. Fishes and reptiles support the loss of air for a still 
longer time than mammalia and birds. 

152. Application of the vacuum to the preservation of food.— 
An important application has been made of the vacuum in pre¬ 
serving food. The germs present everywhere in air, under the 
influence of heat and moisture make animal and vegetable matters 
rapidly ferment and putrefy ; but if the air be properly removed 
from an enclosed vessel by exhausting, the contents may be kept 
fresh for many years. 

Appert was the first, in 1809, to devise a means of preserving 
food in a vacuum, which consists in placing the substances to Ire 
preserved in tin vessels, which are closed hermetically, and then 
heated in boiling water for some time ; under the influence of heat 
the small quantity of oxygen left in the vessel is absorbed by the 
substance placed there, so that only nitrogen is present in the free 
state. Not only this, but the high temperature destroys the germs, 
which are the active agents tn starting putrefaction. 

Appert’s method is now modified in the following manner. 
Instead of boiling the food while contained in the closed vessel, a 
small hole is left in the lid, through which escape the air and 
vapours produced during ebullition. When it is supposed that all 
the air has been expelled, a drop of melted lead is allowed to fall 
on the small hole in the cover which completely closes it. This 
method is practised on a large scale in preserving food and 
vegetables. 

>S 3 - Sprengel’s air-pump. —The air-pump described above does 
not enable us to reduce the air pressure in the receiver much below 
the j^th of an inch. A more perfect vacuum can be obtained by 
means of Sprengcl’s mercury pump, one of the simplest forms of 
which is illustrated in fig. 153. The principle on which the pump 



depends is that of converting the space to be exhausted into a 
Torricellian vacuum (133). A vertical glass tube—considerably 
longer than a barometer tube, and about imm. internal diameter— 
is connected by india rubber tubing with a reservoir of mercury, A. 
Mercury is allowed to fall in this tube at a rate regulated by a 



clamp at c ; the lower end of 
the tube c d fits in the flask, 
B, which has a spout at the 
side a little higher than the 
lower end of c d ; the upper 
part has a branch at x, to 
which the vessel to be ex¬ 
hausted is tightly fixed. When 
the damp at c is opened, the 
first portions of mercury 
which run out close the tube 
and prevent air from enter¬ 
ing below. As the mercury 
is allowed to run down the 


exhaustion begins, and the 
whole length of the tube from 
x to d is filled with cylinders 
of air and mercury moving 
downwards. Air and mer¬ 
cury escape through the 
spout of the flask, B, which 
is above the basin, H, where 
the mercury is collected. It 
is pouied back from time to 
time into the funnel, A, to be 
re-passed through the tube 
until the exhaustion is com¬ 
plete. As this point is 
approached, the enclosed 
air between the mercury 
cylinders is seen to diminish, 
until the lower part of c d forms a continuous column of mercury 
about 30 inches high. Towards this stage of the process the 
falling mercury produces a noise like that of a water-hammer (55) 
when shaken; the operation is completed when the column of 
mercury encloses no air, and a drop of mercury falls on the top of 
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the column without enclosing the slightest air-bubble. The height 
of the column then represents the height of the column of mercury 
in the barometer ; in other words, it is a barometer whose 
Torricellian vacuum is the receiver, R. This apparatus has been 
used with great success in experiments in which a very high 
exhaustion is required, as in the preparation of Geissler’s tubes 
and of incandescent electric lamps. It may advantageously be 
combined with an exhausting syringe, which first removes the 
greater part of the air, the final exhaustion being completed as 
above. 

154. Condensing-pump.—The condensing-pump is an appa¬ 
ratus for compressing air or any other gas. The form usually 
adopted is the following : in a cylinder, A, of small diameter 
(fig. 154), there is a solid piston 
the rod of which is worked by 
the hand. The cylinder is pro¬ 
vided with a screw rock, C, 
which fits into the receiver, K. 

Fig. 155 shows the arrangement 
of the valves, which are so con¬ 
structed that the lateral valve, o, 
opens inwards and the lower 
valve, .r, downwards. 

When the piston descends, 
thevalve, o, closes,and the elastic 
force of the compressed air 
opens the valve, s , which thus 
allows the compressed air to 
pass into the receiver. When 
the piston ascends, s closes and 
0 opens, and permits the en¬ 
trance of fresh air, which in turn 
becomes compressed by the de¬ 
scent of the piston ; and so on. 

This apparatus is chiefly 
used for charging liquids with 
gases. For this purpose the 
stopcock, B, is connected with a 
reservoir of the gas, by means of the tube, D. The pump exhausts 
this gas, and forces it through the tube, H, into the vessel, K, in 
which the liquid is contained. When the liquid is sufficiently 
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saturated, the tap, C, is dosed and the water can be drawn off by 
the stopcock, E. Artificial aerated waters are made by means 
of analogous apparatus ; and one form of the condensmg-pump 
is used for testing leakage and clearing away obstruc¬ 
tions in gas-pipes 

On a larger scale the same principle is applied in 
compressing air m sinking cylinders for the purpose 
of building piers under water ; and it is also applied 
in the atmospheric railway-brakes An important 
application of condensed and rarefied air is met with 
m the pneumatic post, which is used in large towns for 
transmitting wntten telegraph despatches from local 
stations to a centra! station, where they are sent out 
by electricity A bundle of such messages is placed 
in a earner , which is an ebonite cylinder, about two 
inches in diameter, closed at one end and coated with 
flannel This moves air-tight, but with very gentle 
friction, in a perfectl) smooth metal tube which is laid 
underground and connects the stations By means of 
suitable valves this tube can be placed in connection 
with large reservoirs of compressed or of rarefied air , 
and thus the carrier, with its contents, can be driven 
from one station by compressed air while it is drawn 
towards the othei by the diminished pressure in front 
The difference of pressure on the two faces is about two- 
thirds of an atmospheie, and this is sufficient to give 
a velocity of thirty miles an hour In Paris the 
exact time is transmitted from a central clock by 
compressed air to public and private time pieces in 
different pans of the cit>. with a slight retaidation 
due in each case to the time required for transmis¬ 
sion. These time-pieces or pneumatic clocks are not 
ordinary clocks, but their special mechanism is worked 
by the compressed air Another application of com- 
piessed air is to the cleaning of carpets. 

Torpedoes used in naval warfare are propelled by 
means of compressed air The toipedo is a steel tube about 
16 feet long with tapering ends The gun-cotton to be exploded is 
contained in the front part or head of the torpedo, while compressed 
air occupies the after part, the engines worked by the compressed 
an- being placed in the centre When the torpedo is fired from a 
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suitable tube and strikes the water, its engines begin to work, and 
it is propelled at a distance below the surface which can be regu¬ 
lated beforehand, for a distance of half a mile at a high speed. 

1 he excavators used in tunnelling are worked by compressed 
air 
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155 Air-gun — This is an inteiestmg application of the con- 
densmg-pump At the end of the rereivei is a valve which opens 
inwards and allows air to enter, but not to escape To this 
leceiver is screwed a bairel as lepresented in fig 156, m 
which a piston works When the piston is at the bottom of the 
barrel, air can escape through two side holes, a When the piston 
is pushed down, air cannot escape from the reservoir ; the barrel 
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is filled with a fresh supply, which is pressed into the receiver, and 
so forth. 

When the air in the receiver has been condensed, the charging- 
barrel is unscrewed and a firing-barrel screwed on. On touchinga 
trigger (not represented in the figure) the valve is opened, a por¬ 
tion of air escapes, and projects the bullet; the valve is closed 
again at once. Thus, when once the air-gun is charged, several 
shots may be fired in succession, though they become gradually 
weaker. 

156. Hiero’s fountain.— Micro's fountain is an arrangement by 
which a jet may be obtained which lasts for some time. It derives 
its name from its inventor, Hiero, who lived at Alexandria, 120u.c., 
and is an illustration of the elasticity of the air. It consists of a 
brass dish (fig. 157) and two glass globes. The dish communicates 
with the lower part of the globe by a long tube ; and another tube 
connects the two globes. A thud tube passes through the dish to 
the lower part of the upper globe. This tube having been taken 
out, the upper globe is partially filled with water, the tube is then 
replaced, and water is poured into the dish. The water flows 
through the long tube into the lower globe and expels the air, 
which is forced into the upper globe ; the air thus compressed acts 
upon the water, and makes it jet out as represented in the figure. 
If it were not for the resistance of the atmosphere and friction, the 
liquid would rise to a height above the water m the dish equal to 
the difference of the level in the two globes. 

157. Intermittent fountain.—The intermittent fountain consists 
of a stoppered glass globe, a (fig. 158), presided with two or three 
lateral tubes with fine nozzles. A glass lube, d, open at both ends, 
reaches at one end to the upper part of the globe, a ; the other 
end is fitted in a support, c, placed in the middle of the dish, tn , 
which supports the whole apparatus. The support, r, is perforated 
with small holes, which allow air to pass into the tube just above a 
little aperture in the dish, m 

The water, with which the globe, a , is nearly two-thirds filled, 
runs out by the tubes, as shown in the figure ; the internal pressure 
being equal to the atmospheric pressure, together with the weight 
of the column of water, while the external pressure at that point is 
only that of the atmosphere. These conditions prevail so long as 
the lower end of the glass tube is open—that is, so long as air can 
enter and keep the air in a at the same pressure as the external air ; 
but the apparatus is arranged so that the orifice in the dish does not 
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allow so much water to flow out as is received from the upper tubes, 
in consequence of which the level gradually rises in the dish, and 
then closes the lower end of the glass tube. As the external air 
cannot now enter the globe a , the air becomes rarefied in propor¬ 
tion as the flow continues, unt its pressure, together with that due 
to the column of water from the level, a, to one of the nozzles, is 
equal to this external pressure ; the flow then stops. But as 
water continues to flow out of the dish at tn, the tube opens 
again, air enters, and the flow recommences ; and so on as long as 
there is water in the globe a. 

158. Siphon inkstand.—This vessel prevents ink from too rapid 
evaporation, and is an interesting illustration of the pressure of the 
atmosphere, and of the elasticity of air. It consists of a glass 
vessel of the shape of a truncated pyramid (fig. 159), closed every¬ 
where except at the bottom, where 
there is a tubulure, which is always 
open. The inkstand is partially full 
of ink, while there is air at the top. 

The level of the ink inside being 
higher than in the tubulure, the pres¬ 
sure of the air inside is a little less 
than that of the atmosphere on the 
ink in the tubulure. As the ink 
there is used, its level sinks and is 
finally lower than the point ce At this 
moment a bubble of air passes into 
the interior, and, the piessure being 
thereby increased, the level of the ink 
descends in the inside and rises in the tubulure. This goes on 
until the internal level is at the point 0. More ink must then be 
added, which is effected by pouring it into the tubulure, care being 
taken to incline the inkstand in the opposite direction. The 
fountains in birdcages are on a similar principle. 
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159. Suction-pumps.— Pumps are machines for raising liquids. 
Their invention, which is of great antiquity, is attributed to Ctesibius, 
a celebrated mechanician, who flourished at Alexandria 130 K.c. 
They are met with in many modifications, but may all be referred 
to three types— the suction or Hftittg pump , the forcing-pump , and 
the suction and forcing pump. 






The suction or lifting pump, represented in fig. j6q, consists of 
3 cast-iron cylinder called the barrel, at the bottom of which is a 
pipe of a smaller diameter, which dips in the well. At the top of 
this pipe is a clack-valve, which is represented in the drawing 

as being closed, it 
moves easily up and 
down, and it establishes 
a communication be¬ 
tween the cylinder and 
the body of the pump 
when it is open, and 
breaks it when closed. 
The piston in the barrel 
consists of a thick disc 
of metal or of leather, 
coated with tow or with 
leathci. The piston is 
perforated by a small 
hole, which is closed by 
a \ alve ; the valve is like 
that in the barrel, and, 
like it, opens upwards. 
T he piston is worked by 
means of a long lever, 
which is the handle. 

The manner in which 
the water is raised will 
be understood from an 
inspection of figs. 161, 
162, and 163, which re¬ 
present the piston and 
the valves in three dif¬ 
ferent positrons. When 
the pump has not been 
worked, the barrel and 
the pipe are full of air 
under the ordinary atmo¬ 
spheric pressure, which counterbalances the external atmospheric 
pressure on the well. Hence it follows that the level of the 
water inside and outside is the same. When the piston rises, 
since the valve c is pressed down by its own weight, and by that 
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of the atmosphere, the air is rarefied below it ; but, from its elastic 
force, the air which fills the pipe, B, soon opens the valve, a, and 
passes into the barrel. The air in the pipe, B, losing then in 
elastic force what it gains in volume (144), its pressure is no 
longer equal to the external pressure on the water in the well. 
Hence water rises in the pipe, as represented in the diagram. 
If now the piston sinks, the valve, a, closes ; and.as the air thus 
enclosed in the barrel becomes more and more compressed, a 
moment arrives when its elastic force exceeds the pressure of the 



Fig 161. Fig 16*. Fig 163, 


atmosphere; the valve, r, is then raised, and air escapes into the 
top of the barrel, and thence into the atmosphere. With a second 
ascending stroke of the piston, the same phenomena are repro¬ 
duced—that is, the valve, c, falls, and the valve, a, opens ; the water, 
being thus raised in the pipe, ultimately passes beyond the valve, 
a (fig. 161) and completely fills the barrel. From this time, when 
the piston re-descends, and the valve, a, closes, the pressure exerted 
on the water raises the valve, <r, and the water passes above the 
piston (fig. 162}. When once this effect is produced, the valve, <r, 
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closes when the piston ascends, and the water which has passed 
above the piston, being raised with it, ultimately flows out by a 
spout in the side of the barrel. 

Since it is the atmospheric pressure which raises the water in 
the pipe, the height of the valve, «■, above the level in the vessel, 
cannot exceed a certain limit. A column of water, 34 feet in 
height, balances, as we have seen, the pressure of the atmosphere 
(133). Hence, if the pipe had a greater length than this, when once 
water had reached this height, the column of water in the pipe 
would balance the pressure of the atmosphere on the water of the 
well, and it could not be raised any higher. This, therefore, would 
be the extreme theoretical limit which the pipe could have ; but 
in practice the height of the tube B does not exceed 20 to 26 feet: 
for, although the atmospheric pressure can support a higher column, 
the vacuum produced in the barrel is net er perfect, owing to the 



Fig. rS 4 . Fig ,65. 

fact that the piston does not fit exactly on the bottom of the barrel. 
But when the water has passed the piston, it is the lifting force of 
the latter which raises it, and the heightjtojwhich it can be brought 
depends on the force which works the-piston. 
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160. Force-pump.— In this form of pump, water is not raised 
by the pressure of the atmosphere, but by the pressure of the 
piston on the water during its descent. For this purpose the piston 
is solid—that is, has no valve—and there is no lifting pipe, the barrel 
itself being immersed in the liquid to be raised (figs. 164 and 165). 
There are two valves in the barrel : one, a, in the bottom, opens 
upwards ; the other, c, is placed in the orifice of a long tube in the 
side of the pump and opens away from the barrel. 

When the piston rises (fig. 164), the air below it is rarefied, and 
atmospheric pressure closes the valve, c ; while the water in which 
the pump is immersed, being forced by its own pressure and 
that of the atmosphere, raises the valve, a, and passes into the 
barrel, which it fills completely'. The motion of the valve is just 
reversed when the piston descends (fig. 165). By its own weight 
and by the ptessure upon it, the valve, a, closes, while the valve, c, 
opens and gives exit to the water in the barrel, which then rises 
to a height depending on the pressure everted by the piston. If 
this amounts to a pressure of one atmosphere, water rises 34 feet in 
the pipe, H (133) ; if it is two atmospheres, water rises to 68 feet; 
and so on—that is, always to a height of 34 feet for a pressure 
of one atmosphere. The height, therefore, to which water can 
be raised in these pumps is not limited as it is in the suction- 
pump. 

It will be seen, from what has been said, that water only rises in 
the pipe, H, when the piston descends ; theie is, therefore, an inter¬ 
mittent flow at the end of the pipe. A more regular flow is ob¬ 
tained by arranging two pumps, both forcing water into- the same 
pipe, and in such a manner that when one piston rises the other 
sinks. It is by means of such an arrangement of two pumps 
that oil is raised to the wicks in Cat cel’s lamp. At the base of 
these lamps, and immersed in the oil itself, are tivo small pumps 
woiked by a clockwork motion, which is wound up like a clock. 
-Such a system is also applied in fire-engines. 

161. Fire-engine. —In a fire-engine water has to be forced to 
a great height in a continuous stream. Fig. 166 represents a section 
of such a pump. Two rods, which work the pistons, m and n, in 
two brass barrels, are fixed by means of joints to the handle, PQ. 
Two pumps are placed in a trough, MN, of the same metal, called 
the tank, which is fed with water when the pump is at work. 
Between these two is an air-chamber, R, with a lateral aperture, 
Z, to which can be attached a long, flexible leather tube. This 



tube is provided at the end with a long, conical copper tube, 
Which has an aperture only about three-fifths of an inch in diameter. 

The use of the air-chamber is as follows although the pistons 
work alternately, there would necessarily be some mtermittence in 
the jet when they are at the top or at the bottom of their course 
But the water, instead of being forced by the pumps directly into 
the rising pipe, first passes into the reservoir, as shown m fig 166. 
Owing to the resistance in the tube and on the jet, it flows out of 
the reservoir more slowly than it enters Its level rises in the 



Fig i 66 


reservoir, and, as the air is thereby reduced m volume, its pressure 
increases, so that the compressed air, reacting on the water when 
the pistons stop, forces out the water and thus keeps up the con 
tmuity of the jet A good fire-engine, worked by eight men, will 
raise water to a height of ioo feet 

162. The siphon.— The siphon is a bent tube open at both 
ends, and with legs generally of unequal length (fig 1 67). It is used 
for transferring a liquid from one vessel to another without dis¬ 
turbing any sediment that may be present It is worked in the 
following manner. Suppose the liquid to be water, and the siphon 





Fig. 169. 

pressure of the air. It will then run out through the siphon as 
long as the level of the liquid is above the end of the longer leg. 

N 
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A siphon of the form represented in fig-. 168 is used where the 
presence of the liquid, such as sulphuric acid, for instance, in the 
mouth would be objectionable A tube, a, is attached to the longer 
branch, and it is filled by closing the end of the longer limb, and 
sucking at the end of a 

To explain this flow of water from the siphon, let us suppose 
it filled and the short leg immeised in the liquid (fig. 167) 
Consider the water in the horizontal part of the siphon at the 
top. The pressure to which it is subjected is atmospheric pressure, 
less that due to the column of water,« d, that is, H —A, where H = 
height of the water barometer, mz 34 feet, and A, the height c d, 
also in feet This piessure, if it acted alone, would drive the 
water in the direction c a But if a A-A', this same water is 
acted on by a pressure, H-A, in the opposite direction. Thus, 
water will flow from 1 towards a only if H — A is greater than 
H-A', that is, if A' is greater than A that is, b must be below 
the level of the water in the vessel 

163 Intermittent springs. Tantalus’ cup—In nature, springs 
are met with which stop spontaneously, and begin to flow again after 
a longer or shorter interval This phenomenon depends on the 
action of the siphon, and is readily understood by reference to 
fig 169, which represents a subterranean reservoir fed by water 
from a series of fissures in the earth , the channel by which the 
water flows out is on the left of the figure, 
and on coming to the sutface the water 
forms a spring 1 n the figure the reservoir 
is represented as just being filled, and 
when the water uses to the height of the 
bend the siphon begins to act If the 
fissures by which water is supplied fur 
msh a smaller quantity than is carried 
away by the siphon-channel, the reservoir, 
together with the channel, is gradualiv 
emptied, and the flow then ceases The 
reservoir gradually fills again, but the water cannot flow out until 
it has risen to the height represented by the dotted line, and the 
siphon has begun to work again. There is an excellent example 
of an intermittent spring at Giggleswick in Yorkshire. 

The action of the toy known as Tantalus’ cup, which is repre¬ 
sented m fig. 170, illustrates that of intermittent springs ; a curved 
siphon is arranged in a vessel, so that the shorter kg is near the 
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bottom of the vessel, while the longer leg passe? through it Being 
fed by a constant supply of water, the level gradually rises both in 
the vessel and in the tube to the top of the siphon, which it fills, 
and water begins to flow out. The apparatus is arranged so that 
the flow of the siphon is more rapid than that of the tube which 
supplies the vessel, and consequently the level sinks in the vessel 
until the shorter branch no longer dips in the liquid ; the siphon 
is then empty, and the flow ceases. But as the vessel is con¬ 
tinually fed from the same source the level again rises, and the 
same series of phenomena is reproduced. The same principle is 
applied in automatic flushing tanks for sanitary purposes, and in 
an arrangement used by photographers for washing prints. 

164. Diving-bell.—if the open end of a glass tumbler is placed 
on water so as to enclose the air, and if it is depressed, water enters 
until the pressure of the air inside is equal to the external pressure 
plus the pressure of the column of water from the level inside the 
tumbler to the level of the water outside. 

The diving-bell is an application of this principle. The ordinary 
form is an elongated square iron box, open at the bottom, with 
seats along the sides for the workmen and their tools. In the top 
is a flexible pipe, through which fresh air is supplied by a com- 
piession pump, while that which is partially vitiated escapes in 
bubbles round the lower edges. Workmen can be lowered to con¬ 
siderable depths and remain there for some time. 



CHAPTER IV 

PRESSURE ON LiODlES IN AIR. BALLOONS 

165. Archimedes’ principle applied to gases. —The pressure of a 
gas is exerted equally in all directions, as has been shown by the 
experiment with the Magdeburg hemispheres (125). It therefore 
follows that all which has been said about the equilibrium of bodies 

in liquids applies to bodies in air ; they 
lose a part of their weight equal to that 
of the air which they displace. 

This loss of weight in air is de¬ 
monstrated by means of the baroscope , 
which consists of a scale-beam, at one 
of w'hose ends a small leaden weight 
is supported, and at the other a 
hollow copper sphere (fig. 171). These 
are so constructed that in air they 
exactly balance one another, but when 
they are placed under the receiver of 
the air-pump, and a vacuum is pro¬ 
duced, the sphere sinks, thereby show¬ 
ing that in reality it is heavier than 
the small leaden weight. Before the 
air is exhausted each body is buoyed 
up by the weight of the air which it 
displaces. But as the sphere is much the larger of the two, its 
weight undergoes most apparent diminution ; and thus, though in 
reality the heavier tody, it is balanced by the small leaden weight. 
It may be proved, by means of the same apparatus, that this loss is 
equal to the weight of the displaced air, and we may thus generalise 
Archimedes’ principle, and say that any body plunged in any fluid, 
whether it be a liquid or a gas, loses part of its weight equal to the 
weight of the displaced fluid. Hence the apparent weight of a 
body weighed in air is less than its real weight. To have an exact 
weight the volume of the weights and of the body weighed should 
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be exactly the same, which is seldom the case. The true weight of 
bodies is obtained by weighing them in a vacuum, or by making 
proper allowance for the air displaced. 

The principle of Archimedes being thus true for bodies in air, all 
that has been said about bodies immersed in liquids applies to 
them—that is, that when a body is heavier than air it will sink, 
owing to the excess of its weight over the buoyancy of the air. If 
it is as heavy as air, its weight will exactly counterbalance the 
buoyancy, and the body will float in the atmosphere. If the body 
is lighter than air, the upward force due to the buoyancy of the air 
will prevail, and the body will rise in the atmosphere until it 
reaches a layer of the same density as its own. The force causing 
the ascent is equal to the excess of the buoyancy over the weight 
of the body. This is the reason why smoke, vapours, and air- 
balloons rise in the air. 

166. Air-balloons.— Air-balloons are hollow spheres made of 
some light, impermeable material, which, when filled with heated 
air, with hydrogen gas, or with coal gas, rise in the air in virtue of 
their relative lightness. 

They were invented by the brothers Montgolfier, of Annonay, 
and the first experiment was made at that place in June 1783. 
Their balloon was a sphere of 40 yards in circumference, and 
weighed 500 pounds. At the lower part there was an aperture, and 
a sort of boat was suspended, in which was burnt paper and straw. 
The heated air thus produced gradually inflated the balloon, and 
when it was full of expanded air, which w'as thus lighter than the 
external air, the weight of the balloon and its hot air being less than 
that of the air which it displaced, it soon rose to a height of more 
than 2,000 yards, to the great astonishment of the assembled 
spectators. It rapidly descended, however, for the hot air it con¬ 
tained soon became cooled in the higher regions of the atmosphere. 

The experiment at Annonay excited great interest all over 
France, and, pending the repetition on a larger scale at the expense 
of the Government, Charles, a professor of physics, constructed a 
smaller balloon, about 13 feet in diameter, filled with hydrogen 
instead of heated air. The use of hydrogen is very advantageous, 
for, as it is 14 times as light as air, its ascensional force is far 
greater than that of hot air. Charles made an ascent in 1783 in a 
balloon inflated by hydrogen. 

Since then the art of ballooning has been great!)' extended, and 
many ascents have been made. That which Gay-Lussac made in 



' 1804 was the most remarkable for the facts with which it has en¬ 
riched science, and for the height which he attained—23,000 feet 
above the sea level. At this height the barometer stood at 12-6 
inches, and the thermometer, which was 31 0 C. on the ground, was 
9 degrees below zero. 

In these high regions, the dryness was such, on the day of Gay- 
Lussac’s ascent, that hygrornetric substances, such as paper, parch¬ 
ment, etc., became dried and crumpled as if they had been placed 
near the fire. The respiration and circulation of the blood were 
accelerated in consequence of the great rarefaction of the air. 
Gay-Lussac’s pulse made 120 pulsations in a minute, instead of 66, 
the normal number. At this great height the sky had a very dark 
blue tint, and an absolute silence prevailed. 

One of the most remarkable ascents was made by Mr. Glaisher 
and Mr. Coxwell in a large balloon belonging to the latter. This 

was filled with 90,000 cubic feet of coal gas (sp. gr. 037 to 033, 

referred to air); the weight of the load was 600 pounds. The 
ascent took place at 1 I’.M. on September 5, 1861 ; at twenty-eight 
minutes past 1 they had reached a height of 15,750 feet, and in 
eleven minutes afterwards a height of 21,000 feet, the temperature 
being —10-4° ; at ten minutes to 2 they were at 26,200 feet, with 

the thermometer at -f5 - 2°. At eight minutes to 2 the height 

attained was 29,000 feet, and the temperature - 190 0 C. At this 
height the rarefaction of the air was so great and the cold so 
intense that Mr. Glaisher fainted, and could no longer observe. 
According to an approximate estimate, the lowest barometric 
height they attained was 7 inches, which would correspond to a 
height of 36,000 to 37,000 feet. 

167. Construction and management of balloons. —A balloon 
(fig. 172) is made of long bands of silk sewn together and covered 
with india rubber varnish, which renders it air-tight. At the top 
there is a safety-valve closed by a spring, which the aeronaut can 
open at pleasure by means of a cord. A light wicker-work boat is 
suspended by means of cords to a network which entirely covers 
the balloon. 

A balloon of the ordinary dimensions, which can carry three 
persons, is about 16 yards high, 12 yards in diameter, and its 
volume when it is quite foil is about 680 cubic yards. The balloon 
itself weighs 200 pounds ; the accessories, such as rope and boat, 
loo pounds. 

The balloon is filled either with hydrogen or with coal gas. 
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Although the latter is heavier than the former, it is generally pre¬ 
ferred, because it is cheaper and more easily obtained. It is passed 
into the balloon from the gas-reservoir by means of a flexible 
pipe. It is important not to fill the balloon quite full, for the atmo¬ 


spheric pressure diminishes as 
it rises, and the gas inside, ex¬ 
panding in consequence of its 
clastic force, would tend to burst 
it. 11 is sufficient for the ascent 
if the weight of the displaced air 
exceeds that of the balloon by 
8 or to pounds. The buoyancy 
due to this excess of weight is 
constant so long as the balloon 
i> not quite distended by the ex¬ 
pansion of the air in the interior. 
If the atmospheric pressure, for 
example, has diminished to one- 
lulf, the gas in the balloon, 
according to Boyle’s law, has 
doubled its volume. The volume 
of the air displaced is therefore 
twice as great ; but since its 
density has become only one- 
half, the weight, and conse¬ 
quently the upward buoyancy, 
is the same. When once the 
balloon is completely dilated, if 
it continue to rise, the force of 
the ascent decreases, for the 
volume of the displaced air re¬ 
mains the same, but its density 
diminishes, and a time arrives 
at which the buoyancy is only 
equal to the weight of the bal¬ 
loon. The balloon can now only 
take a horizontal direction, car¬ 
ried by the currents of air 



Fig. 173. 


which prevail in the atmosphere. The aeronaut knows by the 
barometer whether he is ascending or descending ; and by the 


same means he determines the height which he has reached. A 
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flag fixed to the boat would indicate by the position it takes, either 
above or below, whether the balloon is descending or ascending. 

When the aeronaut wishes to descend, he opens the valve at the 
top of the balloon by means of the cord, which allows gas to escape, 
and the balloon sinks. If he wants to descend more slowly, or to 
rise again, he empties out bags of sand, of which there is an ample 
supply in the car. The descent is facilitated by means of a grap¬ 
pling iron fixed to the 
boat When once this is 
fixed to any obstacle the 
balloon is lowered by 
pulling the cord. 

The only practical 
applications which air- 
balloons have hitherto 
had have been in mili¬ 
tary reconnoitring At 
the battle of Fleurus, in 
1794, a captive balloon — 
that is, one fastened to 
the ground by a rope— 
w as first used, m which 
there was an observer, 
w ho reported the move¬ 
ments of the enemy by 
means of signals Cap¬ 
tive balloons have been 
employ ed m most of the 
wars of the last fifty years, 
and at the present time 
most countries have a 
balloon department con¬ 
nected with their army s>stem During the siege of Pans 
(1870-1) many balloons were sent out by the beleaguered city, the 
majonty of which, carrying passengers and despatches, successfully 
landed in parts of Franee unoccupied by the enemy Many 
ascents were made by Mr Glaisher for the purpose of making 
meteorological observations in the higher regions of the atmo¬ 
sphere (166). In recent years numerous attempts have been made 
to construct dirigible balloons, and some of these have met with a 
certain amount of success. In 1902 M. Sastos-Dumont constructed 
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an air-ship in which, starting from the Parc d’Orient in Paris, he 
rounded the Eiffel Tower and returned to the spot from which he 
started. The air-ship consisted of an aerostat or balloon of cigar 
shape inflated with hydrogen and containing an air bag for compen¬ 
sation. Below this was suspended a very light frame-work to 
which was attached the motor, the propeller, the rudder, and a 
wicker basket chair for the aeronaut. The motor was a petrol 
engine of 16 horse-power, the parts of which were made as light as 
possible. The total weight of the apparatus was 550 lbs. From 
his seat M. Santos-Dumont was able to control the air bag (for 
keeping the axis of the cigar-shaped balloon horizontal), the rudder 
and the engine. 

Flying machines must be distinguished from balloons in that 
in them little or no use is made of the buoyancy of the air, the 
elevation and motion being maintained by dynamic means. The 
lifting power of a kite and the pull exerted on the cord probably 
originated the idea of a plane surface suitably inclined so as to 
rise when a forward movement is imparted to it and maintained 
during the flight. A suitably designed aeroplane will rise in the 
air and carry its load when actuated by sufficient engine power, 
and many such aeroplanes have been designed in recent years ; 
but no extended flights have been hitherto accomplished. Sir 
Hiram Maxim has designed several forms of aeroplane machines, 
the motive power being supplied by some kind of gas-engine 
(petrol or acetylene). Some details respecting one of these may be 
here given. The aeroplane was constructed of steel tubes pivoted 
to the main frame, so that its inclination to the latter could be 
altered, and was covered with fahiic. Two propellers with spokes 
covered with silk were mounted on the frame below the aeroplane, 
and by driving these propellers at different speeds the machine could 
be steered to the right or left. The weight of the whole machine 
was 8,000 lbs., and the engine was of 363 horse-power, the screw 
thrust being more than 2,000 lbs. The total width was 200 feet. 
The machine was started on rails, and when the velocity reached 
36 miles an hour, the whole machine was completely lifted from the 
rails. The experiments showed that a flying machine carrying its 
own engine, fuel, and passengers can be made powerful and light 
enough to lift itself in the air ; also that an aeroplane will lift more 
than a balloon of the same weight. Success in aerial navigation in the 
future is to be looked for rather from the aeroplane than from the 
balloon. 

168. Parachute. —The object of the parachute is to allow an 



aeronaut to leave the balloon, by giving him the means oflessening 
the rapidity of his descent. It consists of a large, circular piece of 
cloth (fig. 173) about 16 feet in diameter, which by the resistance 
of the air spreads out like a gigantic umbrella. In the centre 
there is an aperture, through which the air, compressed by the 
rapidity of the descent, makes its escape ; for otherwise oscillations 
might be produced, which, when communicated to the boat, would 
be dangerous 

In fig. 172 there is a parachute attached to the network of the 
balloon by means of a cord, which passes round a pulley, and is 
fixed at the other end to the boat. When the cord is cut, the 
parachute sinks, at first very lapidly, but more slowly as it becomes 
distended, as represented in fig. 173. 

169. Bellows.—Fig. 174 repiesents a simple form of bellows, 
the action of which depends on the compression of air. Between 
two round wooden boards provided with handles, one of which 
has a valve, 6, while the other woiks on a hinge, a folded leather bag 
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is fastened. The inner space terminates in front in a short iron 
or brass pipe, d. which is called the nozzle. If the upper lid is 
raised, the valve is opened, and air enters until the space is quite 
filled. When the handle is depressed the valve closes, the air is 
compressed, and forced out througli the nozzle. Thus this arrange- 
mentj'like that of the force-pump, produces an intermittent flow of air. 

In the act of breathing the ribs are sunk, and the diaphragm is 
thereby raised ; by this means the chest is contracted, and the air 
in the lungs condensed, so that it is driven into the outer air. In 
drawing in air the diaphragm is depressed, and thereby the chest 
expanded ; the air in the lungs is rarefied, and outer air enters to 
equalise the pressure. 

When a current of air is forcibly drawn through a tube it exerts 
anaspirating action on the air in its immediate neighbourhood, as is 
wefl Illustrated by the spray-producer (fig. 175). If we blow strongly 
through the tube, B, across the drawn-out top, m, of the tube, A, the 
is, - .',id in A not only rises to the top, but is resolved into an infini- 
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tude of minute drops which are carried away with the current of air. 
This principle is applied on a large scale, using a current of steam 
instead of air, in Giffard's injector for supplying water to locomo¬ 
tives even while the train 
is running. Fig. 176 
represents an apparatus 
eaisjfy donstructed from 
glfes tubes which illus¬ 
trates its action, it being 
observed that the tubes, 
tif a and h k\ are much 
longer horizontally and 
\ ertically than is here 
shown. 

If the vertical tube,/*?, 
is fitted into a vessel of 
boiling water as soon as 
steam issues through o, it 
not only raises water from 
a reservoir in which the 
bottom of the tube, g h, 
dips, but drives it through 
the aperture o And if a 
bent tube, with a narrow 
opening like o, be fitted at n, and duectcd upwards, a continuous 
jet of water is produced, often reaching to the ceiling. 

This apparatus serves well to lllustiate the principle of Giffard's 
injector , an extremely ingenious and important apparatus by which 
steam boilers are kept supplied with watei 




Fig 776 


The principle is also applied m a series of machines for moving 
and lifting liquids, and even solids such as corn ; in pumping, in 
blowers, exhaust-pumps, etc. 
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BOOK IV 

ON SOUND 


CHAPTER I 

PRODUCTION, PROPAGATION, AND REFLFCTION OF SOUND 

170 Acoustics.—This term is given to the scientific study ot 
sounds, and of the vibrations of elastic bodies 

Music considers sounds with reference to the pleasurable feelings 
which they are calculated to excite m us Acoustic far the scientific 
study of sound, is concerned i\ ith the questions of the production, 
transmission, and comparison of sounds , to which may be added 
the physiological question of the perception of sounds 

Sound is a peculiar sensation excited in the organ of hearing by 
the vibratory motion of bodies, when this motion is transmitted to 
the ear through an elastic medium 

Take, for instance, the string of a musical instrument, when it is 
pulled or sounded by a bow (fig 177) When it is pulled aside 

d 


Fig >77 

from the position acb, where it is at rest, to the position add, all 
the points being more or less out of their position of equilibrium, 
and then left to itself, the string tends to revert to its original position, 
tic b, owing to its elasticity From its acquired velocity, however, 
It passes beyond it as far as a e 6 , all the points being then virtually 
,aa far but of their position of rest as they were at a d &. But as 
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the elasticity still continues to act, not merely does the string 
revert to its original position, but it again passes beyond it ; and so 
on, the amplitude (60) of its oscillation becoming smaller and 
smaller, as represented by the dotted lines in the figure, until it 
ultimately comes back to its original state of equilibrium. Hence 
each point of the string makes a backward and forward, or vibratory 
motion, like that of the pendulum. The passage from the position 
add to a e b, and back to a d b, is called a complete vibration or 
oscillation ; the passage from a d b to a e b, or from a e b to a d b, is 
a semi-vibration or semi-oscillation (60). 

Any body which vibrates in such a manner as to yield a sound 
is called a sonorous or sounding body. The vibrations of sounding 
bodies are generally too rapid to be 
directly counted, or even distinctly seen ; 
yet they may be rendered evident in a 
variety of ways. Thus, if a tolerably 
large bell jar, a (fig. 178), be made to 
sound by striking it with the finger, and 
a small ivory ball, suspended by a thread, 
be approached to it, the ball will be ob¬ 
served to recede a series of rapid shocks 
from the sides of the bell, showing that it 
is in a state of vibration. Or let a plate 
of metal be clamped horizontally (200) 
and sand be strewn over it ; when the 
plate is made to vibrate by briskly moving 
a violin bow against the edge, the sand 
becomes violently agitated, which is ob¬ 
viously due to the vibrations of the plate. 

A sound of very short duration is called 
a report, Fi &- 'z 8 - 

171. Propagation of sound in the air. Sound-waves. —After 
having ascertained that when a body emits a sound, its molecules 
are in a state of vibration, it remains to explain how these vibra¬ 
tions are transmitted to the ear to produce the sensation of sound. 
Sound always requires for its transmission an elastic medium which 
at one end is in contact with the sounding body, and at the other 
with the organ of hearing. Air is the ordinary medium through 
which sound is transmitted. As air is very mobile, compressible, 
and elastic, its molecules, being in contact with different parts of 
the sounding body, acquire movements which are similar to those 
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of these parts ; they go and come with these parts, so that each 
molecule of air in contact with the body is pushed forward by it, 
and returns, having communicated its motion to the next molecule; 
this then acts in the same manner on the next molecule, and so on 
to the molecules in contact with the tympanum or drum of the ear 
(310). 

At each impulse imparted by a sounding body to the molecules 
of air in contact with it, these molecules pressing in turn upon the 
succeeding ones, a condensed part is produced in the air to a certain 
distance, which is called the condensed wave ; then, when the vibrat¬ 
ing body reverts to its original position, the molecules nearest to 
it follow in its motion, so that there is formed in the air a rarefied 
part, which follows the condensed wave, and which is called the 
rarefied wave. A condensed and a rarefied wave together form a 
sound-wave. A sounding body is a centre from which these waves 
are emitted all round it m the form of continually increasing 
spheres. 

We may form some idea of the way in which sound is pro¬ 
pagated in air by considering the analogous case of wave 
motion when a stone, for example, is thrown on a sheet of still 
water; it makes a depression in the water in the place where it 
falls, but immediately the water rises round the place in question, 
forming a raised circular ring which widens out gradually, losing 
in height as it gains in extent. This represents what we have 
spoken of above as a condensed wave. While this wave travels 
thus on the surface of the still water, the liquid rises at the centre 
of disturbance, and forms, instead of the original depression, an 
elevation of the same volume ; this can only be done by producing 
around it a trough or valley, forming another ring, which is the 
counterpart of the raised one, being hollow instead of in relief. It 
closely follows the raised one m ever-widening circles, and the 
system, consisting of elevation and depression, forms a single 
complete wave. The wave-length is the distance from the top 
or crest of one wave to the crest of the next, or, what is the 
same thing, the distance between the lowest points of two succes¬ 
sive hollows. 

This description applies to the case of a single disturbance at 
the centre : a single condensed wave being formed followed by a 
single expanded one, the centre will have become again level, 
while tike motion will continue at the circumference, progressing 
continually outwards, but becoming weaker and weaker. But if 
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the original disturbance has been sufficiently strong, which is 
ordinarily the case, the water at the centre will not come to rest at 
once, but will make a series of isochronous oscillations. Each of 
these oscillations produces a series of condensed and expanded 
naves chasing each other on the surface of the water. 

Fig. 179 is an attempt to represent, by shading alternately dark 
and light, the succession of condensed and expanded waves, and 
their diminished amplitude as they get further and further away. 
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In fig. 180 the elliptical dotted lines abed represent, in perspec¬ 
tive, the series of waves, and the sinuous line, M N, represents a 
section of the waves by a vertical plane passing through the centre 
of disturbance ; the highest part of the wave above the horizontal 
line is the crest, and the lowest below, the hollow. 

In the experiment described above, in which waves travel on 
the surface of water from a point of disturbance, it is important to 
notice that that which travels is the wave-form, and not the water 
of which the waves are composed. The water particles have 
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an up-and-down motion, while the form of the wave travels 
horizontally. 

This is proved by the fact that floating particles such as bits of 
wood or cork bob up and down as the waves pass, being now on 
the crest, now in the hollow of a wave, but not travelling onwards 
with it The vibrations in this case are said to be transverse. 

In a wave of sound in air the air particles are, in one half of it, 
closer together, and in the other half less close together, than in 
still air through which no sound-wave is passing. These two parts 
together constitute the sound-wave. Each air particle moves to 
and fro like a little pendulum, along the line in which the sound is 
travelling, and such oscillations are said to be longitudinal. Thus, 
although disturbances are transmitted both on the surface of water 
and through air by wave motion, there is a fundamental difference 
between the two cases. In the former the water particles, by their 
transverse vibrations, give rise to a wave consisting of crest and 
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hollow; while in the latter the air particles, by their longitudinal 
vibrations, set up waves, each of which is composed of a condensa¬ 
tion and a rarefaction. 

The report of a cannon travels through many miles, while the 
smoke which accompanies the sound is not driven far from the 
mouth of the piece. This is evidence that the transmission of 
sound is not due to the particles of air being themselves trans¬ 
ported with the sound ; again we shall see that sound is transmitted 
by solids, where there could be no possibility of any translatory 
motion of the particles. 

This mode of transmission may be illustrated by suspending a 
number of glass balls, or, still better, billiard balls, by threads so 
that they are in close contact with each other (fig. 181). When 
the end one is raised, and allowed to strike against the next, the 
,one. at the other end flies off. Here the first ball imparts its 
.momentum (69) to the second, then to the third, and so forth, the 
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Fig. 181. 




effect being that, though apparently at rest, the motion is trans¬ 
mitted by the balls being alternately contracted and expanded. 

In the case of very 
loud sounds, the disturb¬ 
ance communicated to 
the air in the form of 
sound-waves may be 
very considerable. Thus 
the waves produced by 
thunder, by the report of 
cannon, and by the ex¬ 
plosion of masses of gunpowder, are frequently powerful enough 
to break panes of glass and window-frames, and even to blow 
down buildings. 

172. Coexistence of sound-waves. —It is to be observed that 
several sounds may be propagated in air without destroying each 
other. Thus in the most complicated orchestral music, a person 
with a practised ear can readily follow the sound of each instru¬ 
ment. Yet a loud sound interferes with a weak one ; thus the sound 
of a drum overpowers that of the human voice. Sounds also which 
are too weak to be distinctly heard, accumulate upon each other, and 
produce a confused sound, which becomes perceptible to the ear. 
Such is the cause of the murmuring of water, the rustling of leaves 
m woods, and the dashing of waves against the sea shore. 

173. Sound is not propagated in a vacuum.— The vibrations 
of elastic bodies can only produce the sensation of sound in us 
by the intervention of a medium interposed between the ear and 
the sounding body, and set in vibration by it. 

This medium is usually the air, but all gases, 
vapours, liquids, and solids also transmit sound. 

The following experiment shows that the 
presence of a ponderable medium is necessary 
for the propagation of sound. A tolerably large 
glass globe (fig. 182), provided with a stopcock, 
has a small bell suspended in the interior by a 
thread. A vacuum having been created in the 
globe by means of the air-pump, no sound is 
emitted when the globe is shaken, though the 
clapper may be seen to strike against the bell; but if, air or any 
other gas or vapour be admitted, sound is distinctly heard each 
time the globe is agitated. 
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The experiment may also be made by placing either a small 
metallic bell, which is continually struck by a small hammer by 
means of clockwork, or an ordinary musical-box, under the receiver 
of the air-pump. As long as the receiver is full of air at the ordinary 
pressure the sound is transmitted ; but, in proportion as the air is 
exhausted, the sound becomes feebler, and is imperceptible in a 
vacuum. To ensure the success of the experiment, the bell-work 
or musical-box must be placed on wadding or cotton-wool ; for 
otherwise the vibrations would be transmitted to the air through 
the plate of the machine. 

Hence the loudest sounds on the earth could not be heard 
beyond the limits of the atmosphere ; and, conversely, not the 
slightest sound could reach our earth from the celestial bodies ; 
the most violent explosions could take place on the moon with¬ 
out our hearing them. 

174. Propagation of sound in liquids and solids. —Sound is 
also propagated in liquids. When two stones are struck against each 
other under water, the shock is distinctly heard on the bank ; and 
a diver at the bottom of the water can hear the sound of voices on 
the shore. Fish can be called to be fed by whistling. 

The conductivity of solids is such that the scratching of a pen 
at the end of a long wooden rod may be heard at the other end. In 
like manner, if a person whispers at the end of a long fir pole, be is 
heard by a person whose ear is applied against the other end, 
while a person who is near hears nothing. The earth conducts 
sounds so well that when the ear is applied to the ground the 
sound of horses’ hoofs, the discharge of cannon, or other noise at 
great distances, can be perceived when they cannot be heard 
through the air. 

In the manufacture of telegraph-wires, miles of the wire are 
stretched on the ground ; if one end is filed, the noise is distinctly 
heard at the other, especially when it is held in the ears or mouth. 

In mines the sound of the workmen’s blows is heard at great 
distances. In some of those in Cornwall which are at a distance 
under the sea the beating of the waves and the rattling of stones 
are heard, being communicated through the ground. Soldiers and 
hunters apply the ear to the ground to detect the distant steps of 
the enemy, or of game. 

An interesting example of the good conductivity of solids for 
sound is afforded by the string teUphone (fig. 183). A piece of wet 
bladder, D, is tightly tied over a sort of flat wooden box, B, in the 
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bottom of which is fitted a stout wooden tube, T, open at both ends, 
by which it can be fixed in a holder. A mouthpiece, M, is firmly 
fitted over the membrane, D ; 
in the middle of this mem- 
brane a thin piece of ebonite 
is fixed by sealing-wax, and 
to this a string, S, with a 
hook, is attached. Two such 
apparatus are connected by 
a tightly stretched string at¬ 
tached to the hooks. If one 
of the mouthpieces be then 
spoken into, the membiane 
is set in vibration, and the vibrations are transmitted to the other 
membrane, which is also made to vibrate, so that a person holding 
his ear to the latter distinctly hears what is spoken even at a 
distance of some hundred yards. 

It is not necessary that sound should reach the organ of hearing 
through the air ; it may be transmitted directly to the nerves of the 
ear by means of the solid parts of the body. 1 f the ears are closed by 
the fingers, and the above-mentioned rods held between the teeth, 
the scratching of the pen is heard distinctly If, too, a metal poker 
is fastened to a string the ends of which are coiled round the forefingers, 
which are made to close the ears, and if the poker is then struck 
by another body, the sound is heard with great strength in the ears. 

Wheatstone’s ‘ invisible concert ’ was produced by means of four 
long rods of pine-wood passed from the cellar of a house through 
the ceilings to an upper story. These w ere severally connected 
at the bottom with a piano, violin, violoncello, and clarionet, which, 
being played, produced in the upper room the curious effect of an 
invisible concert. 

That the report of cannon has been heard at a distance of over 
too miles, while the most violent thunderstorm is not heard at more 
than twelve to fourteen miles, is, no doubt, due to the fact that the 
conductivity of the earth for sound is greater than that of air. 

‘ 75 - Velocity of sound in air. —Numerous phenomena show 
that sound requires a certain time to pass from one place to another. 
Thus, if we watch a woodman felling trees at a distance, we see 
the axe fail, but only hear the sound a moment or two afterwards. 
It looks, indeed, as if the sound were due to the tearing away of 
die axe from the tree. In like manner, when a gun is fired, the 
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report is heard after the flash of light is seen. The steam issuing 
from the whistle of a locomotive is seen before the sound is heard ; 
but the most striking example is that of thunder, which is only 
heard some time after the lightning is seen, although in the cloud 
both thunder and lightning are produced simultaneously. 

The velocity of sound was determined experimentally by the 
members of the Bureau of Longitude of Paris in June 1822, dining 
the night. A cannon was placed on a hill at Montlhery, near Paris, 
and another on a plateau near Villejuif. The distance of the two 
places was carefully measured, and was found to be 61,045 feet, 
and a gun was fired at each station twelve times at intervals of ten 
minutes. By means of accurate watches, observers placed near 
the guns noted the time which elapsed between the appearance 
of the flash and the moment at which the sound was heard ; and 
( the mean of the observations gave the number 54 6 seconds. This 
was the time which the sound required to travel from one station 
to the other ; for we shall afterwards see (329) that the velocity 
of light is such that the time it lequires to traverse the above 
distance is inappreciable. Hence by a simple calculation we find 
that sound travels 1,118 feet in a second. 

The above observations were made when the air was at a 
temperature of 16 0 . At a lower temperature the velocity of sound 
is less. 

From some accurate experiments made near Utrecht by the 
above method, the velocity of sound was determined to be 1,093 
feet per second in dry air at zero. Its velocity increases about 2 feet 
per second for every degree Centigrade. So that at 15 0 C., which is 
the ordinary temperature, the velocity of sound is about 1,120 feet 
per second. The exact relation between the velocities of sound 
at o° C. (v 0 ) and at t° (v,) is v t = v 0 Vi + at, where a is the coefficient 
of expansion of air (245). 

A laboratory method of determining the velocity of sounds con¬ 
sists in using a metronome (67) which is beating slowly, and is 
approached to a wall until a position is found at which the echo of 
one beat coincides with the sound of another heard directly. The 
distance from the wall is then half the distance which sound 
traverses in the interval between two beats of the metronome. 

A knowledge of the velocity of sound enables us in some cases 
to measure distances. Thus, suppose we want to know the dis- 
. > tsaee at which a gun is fired, the report of which we only hear 
,45 seconds after seeing the flash. As sound travels at 1,120 feet 
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in a second, it must traverse 16,800 feet in the time mentioned, and 
this would be the distance at which the gun was fired. In the 
same manner we may calculate the depth of a well from the 
number of seconds which elapse between the moment at which a 
stone is allowed to fall into it and that at which the sound is heard. 
The calculation is, however, more complicated, for the time which 
the body requires in falling has to be taken into account. 

Knowing also the time that elapses between the moment of 
seeing a flash of lightning and that of hearing the thunder, we can 
determine the distance at which the electric discharge takes place. 

An instructive illustration of the time required for the transmis¬ 
sion of sound is afforded by observing a long column of soldiers 
beginning to march to the beat of drummers placed at the head. 
A wave-like motion, which begins with the drummers, is seen to 
pass along the whole line. This is owing to the fact that all the 
soldiers do not begin the new step at exactly the same instant ; 
those that are behind hear the beat of the drums later than those 
in front 

The velocity of sound is not the same in different gases ; it 
is greater in those which are less dense. The velocity varies 
inversely as the square root of the density. Dulong found the 
\elocity at zero to be 846 feet per second in carbonic acid, 1,040 
feet in oxygen, 1,093 in air, 1,106 in carbonic oxide, and 4,163 feet 
m hydrogen. 

The velocity of sound is independent of atmospheric pressure, 
and is the same in air for all sounds, whether strong or weak, 
grave or acute. For this reason the tune played by a band is 
heard at a great distance without alteration, except in intensity, 
which could not be the case if some sounds travelled more rapidly 
than others. 

176. Velocity of sound in liquids and in solids. —We have 
already seen that liquids conduct sound ; they even conduct it 
better than gases. The velocity of sound in water was investi¬ 
gated in 1827 by Colladon and Sturm. They moored two boats, B 
(fig. 184), at a distance of about eight and a half miles apart in the 
Lake of Geneva. The first supported a bell, C, immersed in water, 
and a bent lever, a, provided at one end with a hammer, b, which 
struck the bell, and at the other with a lighted wick, e, so arranged 
that it ignited some powder, m, the moment the hammer struck 
the bell. To the second boat was affixed an ear-trumpet, the bell, 
Sf k, of which was in water, while the mouth, 0, could be applied to 
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the ear of the observer, so that he could measure the time between 
the moment when the flash of light was seen and the arrival of 
sound by the water. By this method the velocity was found to be 
4,708 feet in a second at the temperature 8°, or four times as great 
as in air. This number agrees very well with that deduced from 
theoretical considerations, wlich is 4,726 feet per second. 

That sound travels more rapidly in solids than in air is easily 
shown. If a person holds his ear against one end of a tolerablj 
long iron bar, while another person gives a hard blow at the other 
end, two distinct sounds aie heard ; the first transmitted by the 
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metal, and the other transmitted by the air. Biot made an experi¬ 
ment of this kind, with an empty iron water-pipe oyer a thousand 
yards in length, and found that the time which sound required to 
travel in the iron was one-ninth of that required to travel through 
the air of the pipe ; in other words, that the velocity in iron was 
nine times as great as in air. 

Indirect methods only can be used for determining the exact 
velocity of sound in solids. The following velocities are given by 
various observers, in feet per second: leather 1,310; lead 4730; 
cotton tape, 4306; cardboard, 8,200; tissue paper,8^60; oak, 10,900 ; 
copper, 12,020 ; piae, 1 5,220; steel and glass, 17,300. 

. *77- Rtaectim «f have seen that sound is prop*- 
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gated in air by means of spherical waves, which are developed 
about the sonorous body in all directions. So long as these sound¬ 
waves are not obstructed in their motion they are propagated in the 
form of concentric spheres ; but when they meet with an obstacle, 
they follow the general law of elastic bodies—that is, they are re¬ 
pelled like an ivory ball which strikes against a wall; they return 
upon themselves, forming new concentric waves, which seem to 
emanate from a second centre on the other side of the obstacle. 
The phenomenon constitutes the reflection of sound. 

The reflection of sound, or rather of sound-waves, follows the 
same laws as the reflection of heat and of light, which we shall 
afterwards have to explain (227, 332). 

The reflection of sound may be demonstrated by means of the 
arrangement represented in fig. 185, which consists of two parabolic 



Tig 1S5 


mirrors placed at some distance opposite each other. At a certain 
position in front of one of them, called \Xie focus, is placed a watch 
or other convenient sounding body. It is a property of this posi¬ 
tion, the focus, that all sound-rays starting from it which fall 
on the adjacent mirror are reflected as parallel rays. If these 
parallel rays fall on the second mirror, they are reflected to its 
focus, so that if the ear be placed there, the sound-waves are con¬ 
centrated in the ear, and the ticking of the watch is distinctly 
heard, which is not the case if the ear is in a different position. 
The hollow of the hand held behind the ear helps to concentrate 
sound, as may be seen in almost any ordinary assembly of listeners. 
The smooth surface of water powerfully reflects sound; the barking 
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of a dog has been heard at a distance of some miles across a still 

lake. 

As the laws of the reflection of sound are the same as those of 
the reflection of light and heat, curved surfaces of common occur¬ 
rence often produce acoustic foci, like the luminous and calorific 
foci produced by mirrors. If a person standing under the arch of a 
bridge speaks with his face turned towards one of the piers, the sound 
is reproduced near the other pier with such distinctness that a con¬ 
versation can be kept up in a low tone which is not heard by any one 
standing in the intermediate space. 

There is a square room with an elliptical ceiling on the ground 
floor of the Conservatoire des Arts et Metiers, in Paris, which pre¬ 
sents this phenomenon in a remarkable degree, when persons 
stand in the two foci of the ellipse. So also bellying sails, such as 
those in fig. 15, are often found to act like mirrors (fig. 185) in con¬ 
centrating sound from a distance in a focus. 

Whispering-galleries are formed of smooth w'alls, having a con¬ 
tinuous curved form. The mouth of the speaker is presented at 
one point, and the ear of the hearer at another and distant point. 
In this case, the sound is successively reflected from one point to 
another until it reaches the ear. In the whispering-gallery of 
St. Paul’s Cathedral the faintest sound is thus conveyed from one side 
of the dome to the other, but is not heard at any intermediate 
points. Placing himself close to the upper wall of the Colosseum, 
a circular building 130 feet m diameter, Wheatstone found a word 
to be repeated a great number of times. The Ear of Dionysius, 
in the quarries of Syracuse, concentrates the waves of sound 
similarly in one point. 

It is not merely by solid surfaces, such as walls, rocks, etc., that 
sound is reflected, but whenever a sound-wave passes from a 
medium of one density into another of different density it undergoes 
partial reflection. In some cases the reflected wave is strong 
enough to produce an echo, and it always distinctly weakens the 
direct sound. 

Different parts of the earth’s surface are unequally heated by 
the Sun, owing to the shade of trees, the evaporation of water, and 
other causes, so that in the atmosphere there are numerous ascend¬ 
ing and descending currents of air of different densities. This 
produce*, a* Tyndall observed and confirmed by experiments, a 
condition of the atmosphere which bears much the same relation to 
jBUijd that cloudiness does to light. The streams of air differently 
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heated, or charged with aqueous vapour to varying extents, render 
the atmosphere, as it were, fiocculent to sound. Air, which is, 
apparently, quite transparent to light, may, owing to the occurrence 
of what are in effect acoustic clouds , be more or less opaque 
to sound. Ordinary rain, snow, hail, and fog have no sensible 
effect in obstructing sound. In these phenomena we, no doubt, 
have the reason, as Humboldt observed, why sound is heard 
farther at night than in the daytime; even in the South 
American forests, where the animals, which appear silent by 
day, fill the atmosphere in the night with thousands of confused 
sounds. To this may also be added that at night and in repose, 
when other senses are at rest, that of hearing becomes more acute- 
178. Refraction of sound.—Not only can sound be reflected, 
but it can also be refracted , as is shown by an experiment of 
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Sondhauss. On the two edges of a sheet-iron ting, a foot in dia¬ 
meter, two sheets of collodion are fixed (fig. 186), and the apparatus 
is then inflated by carbonic acid, so that it forms a double convex 
lens (360). A watch being placed at a point in the axis, a corre¬ 
sponding point couid be found on the other side at which the tick¬ 
ing was heard most distinctly. Outside this point it was scarcely 
perceptible. Now, the sound, passing from air through the denser 
medium, had been made to converge towards the axis, as in the 
case of light (361); its direction had been changed ; it had been 
refracted. If the apparatus were filled with hydrogen, which is 
lighter than air, no such focus could be found; it would act like 
a double concave tens (360), the divergence of the rays being 
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The distance at which sounds can be heard depends on their 
loudness. The report of a volcano at St. Vincent was heard at 
Demerara, 300 miles off, and the firing at the battle of Waterloo 
was heard at Dover, while the report of the colossal volcanic out¬ 
burst at Krakatoa m 1882 is said to have been heard at a distance 
of 2,900 miles. 

ii. TJte strength of sound increases with the amplitude of the 
vibrations of the sounding body , and varies as the square of the 
amplitude (185). The connection between the intensity of the 
sound and the amplitude of the vibrations is readily observed by 
means of vibrating cords. For if the cords are somewhat long, 
the oscillations are perceptible to the eye, and it is seen that the 
sound is feebler in proportion as the amplitude of the oscillations 
decreases. 

For the same reason the dying sounds of the last blows of 
a bell become gradually feebler, until they are ultimately extin¬ 
guished. 

iii. The strength of sound defends cm the density of the air in 
the place in which it is produced As we have already seen (173), 
when an alarum moved by clockwork is placed under the bell-jar 
of the air-pump, the sound becomes weaker m proportion as the 
air is rarefied. 

In hydrogen, which has about fe the density of air, sounds 
are much feebler, although the pressure is the same. In carbonic 
acid gas, on the contrary, which is half as heavy again as air, 
sounds are louder. On very high mountains, where the air is 
much rarefied, it is necessaiy to speak with some effort in order to 
be heard, and the discharge of a gun produces only a feeble sound. 
During a frost, sounds are heard at a greater distance, because 
air is then more ‘dense and usually more homogeneous ; and 
country people will thus often predict the weather from observing 
the sound of the village bell. For the propagation of sound is 
modified, as we have seen (177), by the occurrence of layers of air 
of different densities. 

iv. The strength of sound is modified by the motion of the atmo¬ 
sphere and the direction of the wind. In calm weather sound is 
always better propagated than when there is wind ; in the latter 
base, for an equal'distance, sound is louder in the direction of the 
wind than-in the contrary direction. 

, v. The strength depends alto on the site oj the body set in 
i&ration. Thus a long, heavy whip can be made to crack tnore 
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loudly than a short and light one, since in the former case a larger 
mass and a greater volume of air are put in motion ; the sound of 
a large bell exceeds that of a small one ; the report of a cannon is 
louder than that of a gun. 

vi. Lastly, sound is strengthened by the neighbourhood of a 
resonant body. A string made to vibrate in free air has but 
a very feeble sound ; but when it vibrates in contact with a 
sounding-box, as in the case of the violin, the guitar, the violon¬ 
cello, or the pianoforte, its sound is 
much stronger. This arises from the 
fact that the box, and the air which it 
contains, vibrate in unison with the 
string. Hence the use of sounding-boxes 
in these instruments. 

[81. Influence of tubes on the trans¬ 
mission of sound. —The diminution in the 
strength of sound as the distance in¬ 
creases is due to the fact that the sound¬ 
waves are propagated in the form of 
continually increasing spheres ; and it 
may indeed be proved geometrically 
that, since sound is thus transmitted, its 
intensity must be inversely as the square 
of the distance from the source of sound. 

If, however, the sound is sent through 
a tube, the waves are propagated in 
only one direction, and sound can be 
transmitted to great distances without 
appreciable alteration. Biot found that 
in one of the Paris water-pipes, 1,040 
yards long, the voice lost so little of its 
intensity that a conversation could be 
kept up at the ends of the pipe in a very 
low tone ; so that, as Biot expressed it, 
in order not to be heard it was necessary 
not to speak at all. The weakening of 
sound becomes, however, perceptible in 
tabes of large diameter, or where the sides nre rough. 

In Carisbrooke Castle, in the Isle of Wight, there is a well, 
lined with smooth masonry, 212 feet deep and 12 feet wide; when 
a pin is dropped into the well, it is distinctly heard to strike 
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resonant ring of some duration. 

This property of transmitting sounds was first applied in Eng¬ 
land for speaking-tubes, which are used in mines, in hotels, and 
large establishments, for transmitting orders. They consist of 
india rubber or metal tubes of small diameter, provided at e&ch end 
with an ivory, bone, or ebonite mouthpiece, and passing fi'om one 
room to another. If a person speaks at one end of the tube 
(fig. 187), he is distinctly heard by a person applying his ear at the 
other end- Usually the main part of the tube is of zinc, and the 
part to which the mouthpiece is attached of india rubber. 

A whistle can be placed in the mouthpiece, in order to call the 
attention of the person signalled for ; the person at one end blows 
into the open tube, which sounds the whistle at the other end ; the 
person signalled to then removes the whittle and 

i applies his ear, while the other end is spoken into. 

One of the most important applications of 
acoustic principles is that of the stethoscope. It 
consists of a cylinder of hard wood, about 1 foot 
long, and ij inch broad at one end, in which 
3 losgjtijsjissj passage is-bored (%. iB8)> One end 
of the stethoscope is held against the part of the 
body to be examined, and the ear is held against 
the other. The skilled physician can detect the 
Fig. 188. healthy or diseased condition of an organ by 
the peculiar sound emitted. 

182. Speaking-trumpets —The speaking-trumpet, as its name 
implies, is used to render the voice audible at great distances. It 
consists of a slightly conical tin or brass tube (fig. 189) very wide 
<or funnel-shaped at one end (which is called the bell), and provided 
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with a-mojjthpiece at the other. The larger the dimension* of this 
instrument, the greater is the distance at which the voice i* heard. 
In action is usuhfly ascribed to the successive reflection of sound- 
i$K Zpfrfy from the ’fW of the tube, by which the waves tend mom 
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and more to pass in a direction parallel to die axis of the instru¬ 
ment It has, however, been objected to this explanation, that the 
sounds emitted by the speaking-trumpet are not stronger solely m 
the direction of the axis, but in all directions ; and that the bell 
would not tend to produce parallelism in the sound-wave, whereas 
it certainly exerts considerable influence in strengthening the sound. 
According to Hassenfratz, the bell acts by causing a large mass of 
air to be set m consonant vibration before it begins to be diffused. 
By means of the speaking-trumpet, the word of command can be 
heard on board ship above the noise of the waves The longer the 
trumpet, the greater the distance to which sound is carried. A 
strong man’s voice sent through a trumpet 20 feet in length has 
been heard at a distance of three miles, while without such help 
about 900 or 1,000 feet is the greatest distance at which he can 
be heard. 

183. Ear-trumpet Audiphone.—The ear trumpet is used by 

persons who are hard of hearing, and consists of a metal tube, one 
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of the ends of which, terminating in a belt, receives the sound, 
while the other end is introduced into the ear. Fig. 190 shows a 
variety of different shapes. The action of this instrument is the 
reverse of that of the speaking-trumpet. The bell serves as 
mouthpiece—that is, it receives the sounds coming from the 
person who speaks. These sounds are transmitted by a series oi 
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reflections to the mtenor of the trumpet, so that the waves, which 
would become greatly dispersed, are concentrated on the hearing 
apparatus, and produce a far greater effect than divergent waves 
would have done. 

In man and many animals the outer ear is a trumpet which 
receives the waves of sound In some animals this part of the 
hearing apparatus is long and flexible, so that, by adjusting it, the 
animal can easily recognise the direction from which the sound 
proceeds From this is, no doubt, derived the common phrase 
‘ pricking up the ears ’ 

Here may be mentioned the audtpkone, invented by Mr. 
Rhodes, of Chicago, an instrument which is of considerable service 
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to people hard of hearing; in its most simple form (fig 191) it 
consists of a rectangular piece of smooth cardboard or sheet ebonite 
about of an inch in thickness, the square end of which is held m 
one hand, while the opposite and convex edge is pressed against 
the teeth of the upper jaw so that it is slightly bent • it receives 
the sounds which are produced in the air, and transmits them to 
the auditory nerves through the bones of the head. It is stated 
that, by means of this simple apparatus, not merely deaf people, 
but even those who are deaf and dumb, can hear musical sounds 
and even speech 
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CHAPTER II 

MUSICAL SOUNDS. PHYSICAL THEORY OF MUSIC 

184. Difference between musical sounds and noise.—Sounds are 
distinguished from noises. Sound, properly so called, or musical 
sound, is that which produces a continuous and regular sensation, 
and the rate of whose vibrations can be determined. The only 
condition necessary for producing a musical sound is that the 
individual impulses shall succeed each other with sufficient rapidity 
at equal intervals of time. Whatever be its origin whether it be 
the ticks of a watch or the puffs of a locomotive, if this condition 
be fulfilled, the coalescence of the separate impressions produces a 
musical sound. 

On the other hand, noise is either a sound of so short a dura¬ 
tion that it cannot be determined, in which case it is called a 
report , like that of a cannon, or else it is a confused mixture of many 
discordant sounds, like the rolling of thunder, the rattling of a box 
of nails, the hissing of hot iron when dipped in water, the rustling 
of the leaves, the splashing of a falling jet, or the noise of the* 
waves. The difference between sound and noise is, however, by 
no means sharp. Savart, a French physicist, has shown that 
there are relations of height in the case of noise, as well as in that 
of musical sound, and there are said to be certain ears sufficiently 
well organised to determine the musical value of the sound pro¬ 
duced by a carriage rolling over the square blocks of a granite 
pavement 

The action of a noise upon the ear has been compared to that 
of a flickering light upon the eye ; both are painful, in consequence 
of the sudden and abrupt changes which they produce in the 
respective nerves on which they act. 

185. Characteristics of musical sounds.— Musical sounds or 
tones have three leading qualities—namely, pitch , intensity, and 
timbre, colour, or quality. 

1. The pitch or frequency of a musical tone is determined by the 

P 
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number of vibrations in a second yielded by the body producing 
the tone. 

ii. The intensity or loudness of the tone depends on tine extent or 
amplitude of the vibrations. 11 is greater when the extent is greater, 
and less when it is less. So far it has not been possible to get any 
experimental measurement of loudness, but it seems to be nearly 
proportional to the square of the amplitude of the vibrations 
which produce the tone. 

tii. The timbre (the French word for ‘ stamp ’) is that peculiar 
quality of tone which distinguishes a note when sounded on one 
instrument from the same note u hen sounded on another. Thus, 
when the C of the treble stave is sounded on a violin and on a 
flute, the two notes will have the same pitch—that is, are produced 
by the same number of vibrations per second ; and they may have 
the same intensity or loudness, and yet the two notes will have 
very distinct qualities—that is, their timbre is different. By 
some writers this peculiar property is called the colour, by others 
the quality , of a tone. 

186. Siren.—The vibrations of any sounding body are so 
rapid that they cannot be followed by the eye and counted. 

Various forms of apparatus have 
been invented for the purpose of 
determining the number of vibra¬ 
tions corresponding to particular 
notes. Of these, the one repre¬ 
sented in fig. 192, devised by 
Seebcck, is given as being the 
simplest and most intelligible. 
It consists of a circular disc of 
stout cardboard, or of sheet metal, 
about t foot in diameter. This 
disc is perforated by four concen¬ 
tric series of small, equidistant 
holes. For simplicity’s sake the 
inner of these is represented as having 12, the second 15, the third 
18, and the fourth 24 holes ; but a multiple of these ratios—say 48, 
6o, ?2,>nd 96—is more convenient. 

, The disc ?e made to rotate rapidly, and the most convenient 
plan is to fit ;it on a turning-table (fig, 18), in the place of A B. 
Then, by means of a glass tube, drawn out at one end so as to be 
sroalltT than fee diameter of the holes, a current of air is directed 
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against one of the series of holes in the rotating disc A tone is 
now heard, which is tolerably pure when the rotation is sufficiently 
rapid, and the number of vibrations corresponding to it can be 
readily determined. Suppose, for instance, that there are 48 
in the inner series of holes. Then each time a hole passes in 
front of the glass tube a wave is produced which reaches the 
ear in the ordinary manner. If, for example, the disc makes 16 
turns in a second, in each second 16 times 48, or 768, holes pass 
in front of the tube, and there are produced 768 waves, which fall 
upon the ear within a second, at equal intervals of time. If, in like 
manner, the tube were held over the second series of holes, while 
the rotation goes on at the same rate, we should hear the tones 
corresponding to 16 times 60, or 960 vibrations in a second. Thus, 
proceeding in like manner, and moving the tube successively 
from the inner to the outer series of holes, we hear succes¬ 
sively the fundamental note, the major third, the fifth, and the 
octave (189). 

187. Limit of perceptible sounds.—Savart was the first to 
determine the limit of the number of vibrations which the ear 
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could perceive. He invented an apparatus for this purpose which 
is known as Savarts toothed ■wheel (fig. 193). It consists essen¬ 
tially of a metal wheel, B, with a series of equidistant, sharp teeth 
on its periphery. This is made to rotate at a uniform speed by 
the motion transmitted by a band, D, from a large wheel, A, and 
a card, or, still better, a thin elastic steel plate, E, is fixed so that, 
in the rotation of the wheel, each of the teeth strikes against the 
plate, and each time produces a sound. If; for instance, the rim 
of the wheel has 600 teeth, and it is made to rotate 4 times in a 
second, 2,400 impulses are given in a second, the number of 
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impulses depends thus on the velocity of rotation, and the sounds 
produced are pure and continuous. 

Thus, to determine the number of vibrations corresponding to 
an y particular note it is simply necessary to turn the wheel at an 
increasing rate until it produces a note in unison (189) with the 
one in question, after which the speed of rotation is kept constant. 
Knowing the number of teeth on the wheel, and the rate of 
rotation, which is ascertained by a clockwork motion on the side, 
we can at once calculate the number of vibrations. By means 
of this apparatus, Savart ascertained that the deepest audible 
sounds are produced by 16 wbrations in a second. If the number 
of vibrations is less, no continuous sound is heard. The same 
physicist found that the highest sound which the ear can perceive 
corresponds to 48,000 vibrations in a second. Between these two 
limits it will be seen what an enormous quantity of sounds may be 
produced and perceived. Yet the sounds used in music, and more 
especially in singing, are comprised within much narrower limits 
(192). Thus, the range of vibrations produced by the human 
voice has been ascertained ; and it has been found that the lowest 
notes of a man’s voice are made by 190 vibrations in a second, 
and the Jjjgbes1 votes by The lowest of vote a Roman’s 

voice corresponds to 572 vibrations, and the highest to 1,606. 

188. Musical scale. Gamut—The human ear can distinguish, 
not merely that which is the highest or the lowest among several 
sounds, but it can also appreciate the relations which exist between 
the numbers of vibrations corresponding to each of these sounds. 
Not, indeed, that we can say whether one sound produces two or 
three times as many vibrations as another ; but whenever the 
numbers of vibrations of two successive or simultaneous sounds 
are in a simple ratio, these sounds excite in us an agreeable sensa¬ 
tion, which varies with the ratio of the vibrations of the two sounds, 
and which the ear can readily estimate. Hence results a series of 
sounds characterised by relations, which have their origin in the 
nature of our organisation, and which constitute what is called the 
musical scale. 

This is the ordinary opinion as to the origin of the musical scale. 
According to Helmholtz, however, the system of scales, and their 
harmonic relation, does not depend on invariable natural laws, but 
is, on the contrary, the consequence of aesthetic principles which 
Save varied with the progressive development of humanity, and 
wiilwntinue to %#y. 
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in this series the sounds are reproduced in the same order, 
in periods of seven, each period constituting the diatonic scale or 
gamut ; and the seven sounds or notes of each gamut are designated 
by the names C, D, E, F, G, A, B, or by ut or do, re, tni,fa, sol, la, 
si. The first six of these letters are from the first syllables of the lines 
of a hymn which was sung by the chorister children to St. John, 
their patron saint, when they prayed to be freed from hoarse¬ 
ness ; and the word si is formed of the first letters of St. John's 
name. 


Ut queant laxis 
Mira gestorum 
Solve polluti 
Sancte 


resonare fibris 
famuli tuorum 
labn reatum 
Ioannes. 


The word gamut is derived from gamma, the third letter of the 
Greek alphabet, because Guido d’Arezzo, who first (in the eleventh 
century) represented notes by points placed on parallel lines, 
denoted these lines by letters, and chose the letter gamma to desig¬ 
nate the first line. 

If we agree to represent by 1 the number of vibrations of the 
fundamental note Cortfbof the gamut—that is to say, of the lowest 
note—experiment shows that the numbers of vibrations of the other 


notes of the scale 

are 

those given in this table 

:— 


C 

D 

E F G A 

B 

c 

do 

re 

mi fa sol la 

si 

do 

1 

t 

i i i < 

¥ 

2 


This table does not give the absolute numbers of the vibrations 
of the various notes, but only their relative numbers. Knowing 
the absolute number of vibrations of the fundamental C, we may 
deduce those of the other notes by multiplying them by . . . 
or 3 respectively ; and we thus find that the number of vibrations 
of the octave (189) is double that of the fundamental note. 

The scale may be continued by taking the octaves of these notes, 
denoting them by c, d, e,f, g, a , b, and again the octaves of these 
last, and 30 forth. 

189. Intervals.—The interval between two notes is the ratio of 
the numbers of vibrations which produce these notes. 

The interval between any two consecutive notes of the gamut is 
called a second —such as the interval from do to re, from re to mi, 
from mi to fit, and so on. 
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' |f between any two notes which are compared there are one, 
.wo, three, four, five, or six intermediate notes, these intervals are 
nailed respectively a third, a fourth, fifth, sixth, seventh, and octave. 
These words are not used in the same sense as in fractional arith¬ 
metic ; an interval of a fifth simply stands for the difference of pitch 
between the first and fifth notes of the scale. Thus the interval 
from C to E is a third, that from C to F a fourth, from C to C, a fifth, 
from C to A a sixth, from C to 11 a seventh, and from C to c an octave. 

Although two or more notes may be separately musical, it does 
not follow that, when sounded together, they produce a pleasant 
sensation. When the ear can distinguish without fatigue the ratio 
between two sounds, which is the case when the ratio is simple, the 
accord or co-existence of these two sounds forms a consonance ; but 
if the number of vibrations is in a complicated ratio, the ear is un¬ 
pleasantly affected, and we have dissonance. 

The simplest concord is unison , tn which the numbers of vibra¬ 
tions are equal ; then comes the octave, in which the number of 
vibrations of one sound is double that of the other ; then the fifth, 
where the ratio of the sounds is as 3 to 2 ; the fourth, of which 
the ratio is 4 to 3 ; and, lastly, the third, where the ratio is 
S to 4. 

If three notes are sounded together, they are concordant when 
the numbers of their vibrations are as 4 : 5 : 6. Three such notes 
form a harmonic triad, and if sounded with a fourth note, which is 
the octave of the lowest, they constitute what is called a major 
chord. Thus C, E, G form a major triad, G, B, d form a major 
triad, and F, A, c, form a major triad. C, G, and F have, for this 
reason, special names, being called respectively the tonic, dominant, 
and sub-dominant, and the three triads the tonic, dominant, and 
sub-dominant triads or chords respectively. 

If, however, the ratio of any three notes is as 10 : 12 : 15, the 
three Sounds are slightly dissonant, but not so much as to prevent 
them from producing a pleasant sensation. When these three 
notea, and the octave to the lowest note, are sounded together, they 
constitute a minor chord. 

The intervals between the notes in the scale are— 


C to D g 
iMoE V* 
IStoFfg 
f toG | 

X 


G to A V 
A to B g 
B to C 
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It will be seen that there are here three kinds of intervals : the 
interval § is called a major \tone, and that of ^ a minor tone ; the 
relation between the major and the minor tone is I : li, and 

is called a comma. The interval is called a major semitone. The. 
major scale is formed of the following succession of intervals : a 
major tone, a minor tone, a major semitone, a major tone, a minor 
tone, a major tone, and a major semitone. It is this succession 
which constitutes the scale : the key-note, or the tonic, may have 
any number of vibrations ; but, once its height is fixed, that of the 
other notes is always in the above ratio. 

190. On semitones and on scales with different key-notes.—It 
is found convenient for the purpose of music to introduce notes 
intermediate to the seven notes of the gamut; this is done by 
increasing or diminishing those notes by an interval of ff, which is 
called a minor semitone. When a note—say C—is increased by 
this interval, it is said to be sharpened , and is denoted by the 
symbol CS, called ‘C sharp’—that is, the ratio of CS to C is as 
25 : 24. When it is decreased by the same interval, it is said to be 
flattened, and is represented thus, Bb, called‘B flat’—that is, the 
ratio of B to Bb is as 25 : 24. If the effect of this be examined, 
it will be found that the number of notes in the scale from C up to 
c has been increased from seven to twenty-one notes, all of which 
can be easily distinguished by the ear. Thus, reckoning C to 
equal 1, ivc have— 

C Cff Db D I)j Eb E etc. 

« n u « a # i ^c. 

Hitherto the note C has been taken as the tonic or key-note. Any 
other of the twenty-one distinct notes abo ve mentioned—for instance, 
H, or F, or C#, etc.—may be made the key-note and a scale of notes 
constructed with reference to it. This will be found to give rise in 
each case to a series of notes some of which are identical with 
those contained in the series of which C is the key-note, but most 
of them different. The same would be true for the minor scale as 
well as for the major scale, and, indeed, for other scales which may 
be constructed by means of the fundamental triad. 

191- On musical temperament —The number of notes that 
arise from the construction of the scales described in the last 
article is enormous; so much so as to prove quite unmanageable 
»i the practice of music, and particularly for music designed 
for instruments with fixed nates, such as the pianoforte or harp. 
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Accordingly it becomes practically important to reduce the number 
of notes, which is done by slightly altering their just proportions. 
This process is called temperament. By tempering the notes, how-' 
t ever, more or less dissonance is introduced, and accordingly several 
different systems of temperament have been devised for rendering 
this dissonance as slight as possible. The system usually adopted 
is called the system of equal temperament. It consists in keeping 
the octaves pure, but substituting between them, between C and c, 
for instance, eleven notes at equal intervals, each interval being the 
twelfth root of 2, or i '05946. By this means the distinction between 
the semitones is abolished, so that, for example, Cjt and D b become 
the same note. The scale of twelve notes thus formed is called the 
chromatic scale. It, of course, follows that the major triad becomes 
slightly dissonant. Thus, in the diatonic scale, if we reckon C to 
be 1, E is denoted by 1-25000 and G by 1 50000. On the system 
of equal temperament, if C is denoted by 1, E is denoted by 1-25992 
and G by 1-49831. When some of the intervals are kept pure, and 
the error is distributed among the others, we have unequal tempera¬ 
ment. 

With instruments such as the violin or violoncello it is possible 
to obtain all the intervals with perfect accuracy—that is, to obtain 
natural or just temperament; this is also the case with the voice, 
where singers have been trained to sing without the accompani¬ 
ment of a piano ; hence it is here that we meet with the highest 
musical effect. 

192. The number of vibrations producing each note. The 
timing-fork.—Hitherto we have not assigned any numerical value 
to that symbol the note C. In the theory of music it is common 
to assign 256 complete vibrations to the middle C. This, however, 
is arbitrary ; its justification is the facility with which this number 
may be subdivided. An instrument is in tune provided the in¬ 
tervals between the notes are correct, when C is yielded by any 
number of vibrations in a second which does not differ much from 256. 
Moreover, two instruments are in tune with one another, if, being 
separately in tune, they have any one note—for instance, C—yielded 
by the same number of vibrations. Consequently, if two instru¬ 
ments have one note—say C—in common, they can then be brought 
into tune jointly by having their remaining notes separately ad¬ 
justed With reference to that fundamental note. A tuning-fork 
f? an instrument yielding a constant note, and is used as a stan¬ 
dard for tuning musiaal instruments. In consists of an elastic steel 
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rod, bent as represented in fig. 194 or 195. It is made to vibrate 
either by drawing a bow across the ends, as shown in the figure, 
or by striking one of the legs against a hard body, or by rapidly 
separating the two legs by means of a steel rod. The vibration pro¬ 
duces a note which is always the same for the same tuning-fork. 

The note is strengthened by fixing the tuning-fork on a box 
open at one end called a resonance-box. 

The small fork in ordinary use, represented in fig. 194, is held 
between the fingers at b , one of the prongs c struck smartly against 
a hard body and then the end a held on a table. The sound is 
thereby greatly intensified, the table acting as a sounding-board. 
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It has been remarked for some years that not only has the pitch 
of the tuning-fork—that is, concert pitch —been getting higher in the 
larger theatres of Europe, but also that it is not the same in London, 
Paris, Vienna, Milan, etc. This is a source of great inconvenience 
to both composers and singers, and a commission was appointed 
to establish in France a tuning-fork of uniform pitch, and to prepare 
a standard which would serve as an invariable type. In accord¬ 
ance with the recommendations of that body, a normal tuning-fork 
has been established, which is compulsory on all musical esta¬ 
blishments in France, and a standard was deposited in the Con¬ 
servatory of Music in Paris. 
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. it makes 870 single or 435 complete vibrations in a seco n ^ ) anl j 
yields the note la of the treble stave ; the do, or C, of t^ e ’ agTn A 
Btave makes thus 261 complete vibrations in a second. 

The standard tuning-fork adopted by the Society of 
London, on the recommendation of a committee of eminent 
musicians, makes 264 vibrations m a second, and gives th$ middle 
C of the treble stave. The corresponding A, or la, gives t^mfbre 
440 vibrations in a second. 

The middle C is the note sounded by the white key immediately 
on the left of the two black keys v. htch are near the middle 0 f 
keyboard of a pianoforte. It is designated in musical not at ; on as 



For purposes of comparison it is convenient to call 


this note c', and the next lower octave c ; the octave low er t }, an 
this C, and the still lower one C,, and so on. The lowest note Q f 
grand pianos is A,„ which gives 27 5 vibrations in a second) 



J, Fig. 196. 


In like manner the higher octaves are distinguished by affixes-— 
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The practical range of musical sound is comprised between 40 
and about 4,000 vibrations in a second, or within 7 octaves. 

The principle of the method by which the vibration-frequencies 
of two tuning-forks or those of a tuning and a vibrating rod are 
compared is illustrated in fig. 196. The apparatus there repre¬ 
sented consists of a cylinder, A, which can be rotated about its 
axis by means of a handle. The axis has a screw-thread cut 
upon it, so that as the handle is turned the cylinder rises or 
falls. The cylinder is covered with paper coated with lamp¬ 
black. Suppose that we wish to compare the rate of vibration, 
or vibration-frequency, of a rod pointed and clamped as shown, 
u ith that of a tuning-fork. A thin copper style is attached to 
one prong of the fork, anti the end of this, as well as the point 
of the rod G, is brought into contact with the cylinder. If while 
both are at rest the handle is turned, two parallel and slightly 
inclined lines will be traced on the blackened surface. Hut when 
both are set in vibration 
and the cylinder is rotated 
as uniformly as possible, 
each point traces a sinu¬ 
ous line containing as 
many undulations as the 
point—whether belonging 
to the tuning-fork or the 
rod—lias made vibrations 
(fig. 196, top left-hand 
corner). Thus, by count¬ 
ing the number of undu¬ 
lations in a given distance 
on the cylinder made by 
each point and dividing 
one by the other, we ob¬ 
tain a comparison of their 
vibration frequencies. In 
the same way the vibra¬ 
tion frequencies of two 
forks are compared. 

193- Resonance of air. Fig. > 97 . 

1 he action of the reson¬ 
ance box in strengthening sound (fig. 195) may be illustrated 
h> the following experiment (fig. 197). A B is a glass cylinder. 
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about i$ inches in height, and i to inch in diameter. If an 
ordinary tuning-fork he made to vibrate, its sound is very faint, 
and if it is held over the empty cylinder probably no alteration 
will be experienced. When, however, water slowly and noiselessly 
poured into the cylinder reaches a certain height, the previously 
faint sound is far louder. Any other tuning-fork, which yields a 
different note, if held over the cylinder, will not have its note 
strengthened. Reverting now to the original tuning-fork ; if, while 
it is still sounding and its sound is being strengthened by its 
nearness to the cylinder, we continue to pour in water, the sound 
becomes as faint as it was originally. But if the excess of water 
be removed until the tone of the fork is once more strengthened, 
and if, removing the fork, we sound the column again by blowing 
across the mouth of it, we find that the column of air em.ts the 
same note as the tuning-fork Hence, then, the tuning-fork could 
set a column of air m vibration so as to produce the same note ; 
and this, adding itself to the original, strengthened it. 

194. Compound musical notes. Harmonics. Overtones.—We 
have already seen (185) that there is a peculiar quality, or timbre, 
as it is called, by which the notes of different instruments are cha¬ 
racterised. Thus, we readily distinguish between notes of the same 
pitch when sounded on a pianoforte, and on an organ or trumpet, 
between the note of a stretched wire and one of catgut, and even 
with one and the same string according as it is ‘ struck ’ as with a 
piano, 4 twitched’ as with a harp, or 4 bowed ’ as with a violin. This 
peculiarity of the tone is due to the fact that only in very few-cases 
does an instrument give a pure note, but that in most cases the 
fundamental note is accompanied by a series of upper notes or 
harmonics. To understand what these are we may refer to art 206, 
in which it is stated that by successively intensifying the current of 
air we get in a stopped pipe a succession of notes the numbers of 
whose vibrations are as the senes of odd numbers, 1, 3, 5, 7> etc 
So, too, if we sound an open pipe in a similar way, we get the 
series of notes whose vibration frequencies are represented by 
the numbers 1, 2, 3, 4, 5, etc. The first of these notes being 
called die jfundamental, the others are called the harmonics of the 
fundamental. , 

Now, if we sfund a particular note on the piano, a practised 
ear cab discovery by a little attention, that the primary or funda¬ 
mental note is accompanied by a series of higher notes of varying 
intensities, but aljt faint as compared with the fundamental These 
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upper notes may be detected, and the compound nature of the 
primary sound analysed, even by an unpractised ear, by the use erf 
resonance globes, or resonators, which Helmholtz devised for this 
purpose. These instruments, one of which is represented in fig. 198, 
are an application of the principle explained in the foregoing para¬ 
graph. They are small, hollow spheres ; the projection b, which 
has a small hole, is placed m the 
ear, while the wider aperture, a, 
is directed towards the source of 
sound. Each of these resonators 
is constructed or tuned for a par- n 
ticular note ; so that if, having 
sounded the string of a pianoforte, 
we hold near to it a resonator 
tuned for a particular note, this 
note if present will be intensified ' ‘ * 

Thus, if we depress the key c we hear no particular strengthening 
if a resonator tuned for g be held near the ear, but when the 
resonators sounded for c\ g, c" are used, we hear them powerfully 
respond when held to the ear. Hence the notes c\ g', c" are con¬ 
tained m the mass of sound which is produced when the-key t is 
depressed. 

Helmholtz’s researches show that the different timbre or quality 
of the sounds yielded by different instruments is due to the fact that 
the fundamental notes are accompanied m each case by special 
harmonics or overtones in varying intensity ; some of his principal 
results are as follows .— 

Simple notes—those, that is to say, without any admixture 01 
overtones—are most easily produced when a tuning-fork is held 
near a resonance-box of suitable length. These notes are soft, 
ancl are free from all sharpness and roughness. 

The notes of the flute are also nearly pure, for their overtones 
are very feeble. Stopped organ-pipes of large cross section give 
the fundamental note almost perfectly pure ; narrower ones give, 
along with it, the fifth of the octave. Wide open pipes give the 
octave along with the fundamental note ; and narrower ones give a 
senes of overtones. 

The overtones present in the sounds of stretched strings depend 

the material of the latter and on the manner in which they are 
made to sound. In good pianos the overtones are powerful up to 
the sixth. In Other stringed instruments the fundamental note is 
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comparat ively stranger than in pianos: the first overtones are 
feebler ; the higher, from the sixth to the tenth, on the contrary, 
are far more distinct, and produce the penetrating character of the 
sound of stringed instruments. In die pianoforte the place at 
which die string ts struck is } or $ of the whole length. These 
positions destroy the seventh and ninth harmonics respectively— 
i.e. those the vibration-frequencies of which are 7 and 9 times as 
great as that of the fundamental, which are discordant with each 
other and with the fundamental—while just those overtones pre¬ 
ponderate which produce the most beautiful musical effect (189). 

Metal rods and plates produce, along with the fundamental 
note, a series of very high overtones which are discordant with 
each other, but are continuous and of equal strength with the 
primary note. Thus is produced that peculiarity known as a 
metallic sound. 

By the occurrence of the lower harmonics along with the 
primary note the tone is more sonorous, richer and deeper than 
the primary note ; by the occurrence of the higher overtones, the 
tone acquires its penetrating character. The human voice is very 
rich in overtones. 

The rushing sound heard when certain large shells are held 
near the ear is due to the fact that the mass of air in the shell 
responds to certain sounds and strengthens them. 
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CHAPTER III 

TRANSVERSE VIBRATIONS OF STRINGS. STRINGED INSTRUMENTS 

195. Transverse vibrations of strings. —We have already seen 
(170) that when an elastic string, stretched at the ends, is re¬ 
moved from its position of equilibrium, it reverts to it as soon as 
it is let go, making a series of vibrations which produce a sound. 
The strings used in music are commonly of catgut or metal wire. 
The vibrations which strings experience may be either transverse 
or longitudinal , but practically the former are alone important. 
Transverse vibrations may be produced by drawing a bow across 
the strings, as in the case of the violin ; or by striking the strings, 
as in the case of the pianoforte, or by twitching them transversely, 
as in the case of the guitar and the harp. 

196. Laws of the transverse vibrations of strings—The 
number of transverse vibrations which a string can make in a 
second—that is, its vibration-frequency (192) or pitch—varies with 
its length, its diameter, its tension, and with its specific gravity, in 
the following manner :— 

The tension being constant, the number of vibrations in a second 
is inversely proportional to the length of the string— that is, if a 
string makes 18 vibrations in a second, for instance, it will make 
36 if its length is one-half, 54 if its length is one-third, and so on. 
On this property depend the violin, the double-bass, etc.; for in 
these instruments, by pressing the string with a finger, the length 
is reduced or increased at pleasure, and the frequency, and there¬ 
with the note, is regulated. 

With strings of the same length and tension the number of 
vibrations in a second is inversely as the diameter of the siring — 
that is, the thinner a string, the greater its frequency, and the 
higher its pitch. In the violin, the treble string, which is the 
thinnest, makes double the number of vibrations of that which 
would be made by a string the diameter of which is twice as 
great. 
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The number of vibrations in a second is directly proportional 
to the square root of the stretching weight or tension —that is, when 
the tension of a string is four tiroes as great, the frequency is 
doubled ; when the tension is nine times as great, the frequency is 
trebled ; and so on. This, then, furnishes a means of altering the 
pitch of a note by stretching, as is done in stringed instruments. 

Other things being equal, the vibration frequency of a string 
is inversely as the square root of its density. H ence, the greater 
the density of the material of which strings are made, the deeper 
are the sounds they yield. 

From the preceding laws it will be seen how easy it is to vary 
the number of the vibrations of strings and make them yield an 
extreme variety of sounds, from the deepest to the highest used in 
music. 

297. Sonometer. Verification of the laws of the vibrations of 
strings.—This may be effected by means of an instrument called 
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the sonometer or monochord. It consists of a thin wooden box 
to strengthen the sound. On this there are two fixed bridges, 
A and B (fig. 199), over which pass the strings, A B, C D, which 
are commonly metal wires. These are fastened at one end, anti 
stretched at the other by weights, P, which can be increased or 
diminished at will. By means of a third movable bridge, D, the 
length of that portion of the wire which is to be put in vibration 
can be altered at pleasure. 

If two strings are taken which are identical in all respects, and 
are stretched by equal weights, they will be found, on being struck, 
to yield the same Sound. If now one of them be divided by the 
fonsafate bridge, D* into two equal parts, the sound yielded by CD 
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will be the higher octave of that yielded by the entire string A B, 
which shows that the number of vibrations is doubled, arid thus 
verifies the first law. 

To verify the second law, the bridge, D, is removed. If the 
string A B is taken so that it has double the diameter of the other, 
but both are stretched by the same weight, it will be found that 
the note which the thinner string yields is the octave above that 
yielded by A B ; proving thus that the frequency is doubled by 
halving the diameter of the string. 

The two strings being of the same diameter, and th£ same 
length, if the weight which stretches the one is four times that 
which stretches the other, the sound yielded by the first is the 
higher octave of that of the second, which shows that the number 
of vibrations is doubled ; when the weight is nine times a$ great 
the frequency is increased threefold, and hence (189) the note is 
the higher octave of the fifth of the former, and so on. 

The fourth law is established by using strings of different 
materials—copper, steel, catgut—and therefore of different densities, 
but of the same dimensions, and stretched to the same extent. 

198, Stringed instruments.—Stringed musical instrument 3 de- 
fewd on. the ^roduetlon of transverse vibrations, in somA. such, 
as the piano, the sounds are constant , and each note requires a 
separate string ; in others, such as the violin and guitar, the sounds 
are varied by the fingering, and can be produced by fewer Strings. 
A stretched string, like other sources of sound, never vibrates ex¬ 
clusively as a whole, but makes at the same time partial vibrations ; 
and thus the fundamental note never occurs alone, but is accom¬ 
panied by overtones (194), which, however, are usually too feeble 
to be perceived by the ear without some device for strengthening 
them. 

In the piano the vibrations of the strings are produced by the 
stroke of the hammer , which is moved by a series of bent levers 
communicating with the keys. The sound is strengthened by the 
vibrations of the air near the sounding-board on which the strings 
are stretched. Whenever a key is struck, a damper is raised* which 
falls when the finger is removed from the key and stops the vibra¬ 
tions of the corresponding string. By means of a pedal *11 the 
dampers can be raised simultaneously, and the vibrations then last 
for some time. 

The harp is a sort of transition from the instruments with con¬ 
stant to those with variable sounds. Its strings correspond to the 

9 
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Aw A similar arrangement of a number of pieces of flint of suitable 
sizes gives beautiful sounds when struck (184), and is known as the 
geological piano . 

The tuning-fork, the triangle, and musical boxes are examples 
of the transverse vibration of rods. In musical boxes small plates 
of steel of different dimensions are fixed on a rod like the teeth of a 
comb. A cylinder whose axis 1 s parallel to this rod, and whose surface 
is studded with steel teeth arranged m a certain order, isplaced near 
the plates. By means of a clockwork motion the cylinder rotates, and 
the teeth, striking the steel plates, set them m vibration, producing a 
tune, which depends on the arrangement of the teeth on the cylinder. 

200 Chladni’s figures.—The vibra¬ 
tion of plates may be well illustrated by 
what are known as Chladnis figures 
A metal plate is clamped, as represented 
in fig. 202, and a violin bow is passed 
smartly along the edge. In this way 
higher or lower notes are produced 
corresponding to different periods ot 
vibration of the plate. These vibrations 
are made apparent if the plate has been 
previously strewn with sand ; the plate 
divides itself into vibratory segments, 
in which the vibration is at a maximum, 
separated from each other by nodal 
lines or places of no vibration. The 
sand dances oft these segments and 
gradually settles on the lines, and thus forms beautiful and cha¬ 
racteristic figures. These vibrating parts are of less extent, and 
therefore the nodal lines more numerous, the higher the tones. 
Their arrangement, and therewith the nature of the tones, depends, 
with one and the same plate, on the manner in which it is sounded 
by the bow, and also on the way in which it is damped. If a par¬ 
ticular point of the plate is damped, a nodal line is produced 
passing through the given point, and, at the same time that a 
special system of nodal lines is formed, a new note results from 
the vibration. Figures 203 to 206 represent the figures produced 
when the plate is stroked with a bow in the part denoted by the 
letter if, whale at the same time the plate is damped by the finger 
being held at «. If the plate is -damped elsewhere than in the 
centre, other and more complicated figures are produced. 
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When bells vibrate they divide into an even number of seg¬ 
ments separated by nodal lines. This is very easily illustrated by 

Fig. 203 Fig. 204. 



Fig. 20s. Fig. ao6. 

means of a glass goblet, A. (fig. 207), containing water or, still 
better, alcohol, which is excited by a bow ; the ventral segments 
are seen in the ripples on the 
surface, a b, and with a strong 
vibration by minute droplets 
thrown in all directions, which 
roll on the surface of the agi¬ 
tated liquid without mixing 2 
with it. The lines g h and c d 
represent the nodal lines. 

The position of the nodes in 
a vibrating bell may also be 
seen in the experiment in fig. 

178 : by applying the ball, d, to 
various parts of the rim, certain positions, c,b, will be found where 
it is not thrown off j these are the nodes. 
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CHAPTER IV 

ORGAN-PIPES AND WIND INSTRUMENTS 


201. Production of sound in pipes.—Sound-pipes are hollow 
pipes or tubes in which sounds are produced by making the 
enclosed column of air vibrate. In the cases hitherto considered 
the sound results from the vibration of solid bodies, and the air 
only serves as a vehicle for transmitting them. In wind instru¬ 
ments, on the contrary, when the sides of the tube are of adequate 
thickness, the enclosed column of air is the sounding body, and 
the pitch and intensity depend on the dimensions of this column. 
In fact, the substance of the tubes is without influence on the 
primary tone ; with equal dimensions it is the same whether the 
tubes are of glass, of wood, or of metal. It may even be of such 
an inelastic metal as lead. These different matenals do no more 
than give rise to different harmonics, and impart a different timbre 
(185) to the compound tone produced. 

If tubes were simply blown into, theie could be no sound ; there 
would merely be a continuous progressive motion of the air. To 
produce a sound a rapid succession of condensations and rarefac¬ 
tions must by some means or other be set up, which are then 
transmitted to the whole column of air in the tube. Hence the 
necessity of having a mouthpiece— that is, the end by which air 
enters—so shaped that the air may be made to enter in an inter¬ 
mittent, and not a continuous, manner. From the arrangement 


made use of to set the enclosed air m vibration, wind instruments 
at® divided into mouth instruments and reed instruments. 

202. Mouth instruments.—In mouth instruments all parts of 


the mouthpiece are fixed. The pipes are either of wood Of of 
metaLn||A|goiar or cylindrical, and are always long as compared 
vith .idiiV^tfneter, - Fig. 208 represents a wooden rectaagolaf 
irgndS^f fig, 209 gives a longitudinal section, by which the 
nternal details are seen. The lower part, P, by which air enters, 
s called the Jew/ - r the air emerges through a narrow slit, i, close 



Mouth Instruments; 


Hi 

to which, in front of the pipe, is a transverse aperture called the 
mouth ; a and b are the lips, the upper one of which is bevelled. 

The current of air, arriving by the narrow slit, strikes against 
the upper lip, is compressed, and, by its elasticity, reacts upon the 
current, and stops it. This, however, only lasts for an instant, for 
as the air escapes at ab, the current from the foot continues, and so 
on for the whole time. 



In this way pulsations are produced, which, transmitted to the 
air in the pipe, make it vibrate, and a sound is the result. In order 
that a pure note may be produced, there must be a certain relation 
between the form of the lips and the magnitude of the mouthpiece ; 
the tube also- ought to have a considerable length in comparison 
with its diameter. The number of vibrations depends in general 
on the dimensions of the pipe and the velocity of the current of air. 
The mouthpiece we have described is used in organs Fig. a to 
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A steam ’whistle (fig. 213) is really only a closed organ pipe with 
a mouthpiece formed of a circular slit, a a , above which is placed 
foe sharp edge, b b, of the bell, T. 

203. Reed instruments.—In reed instruments the air is set in 
vibration by means of elastic tongues or plates, which are called 
t^fs, and which are divided into free reeds and beating reeds. 













Reed instruments 


-8033 


m 


Beating reed. —This consists of a piece of wood or metal, a 
(fig 215), which is grooved like a spoon It is fixed to a kind of 
stopper, K, perforated by a hole, which connects the cavity with 
a long pipe, T. The groove is covered by a brass plate, /, which 
is called the tongue In its ordinary position it is slightly away 
from the edges of the gioove, but, being very flexible, readily 
approaches and closes it Lastly, a curved wire, br , presses against 
the tongue, and can be moved up and down The vibrating part 
of the tongue can thereby be shot tened or lengthened at will, and 
the number of vibrations thus regulated By means of this wire 
reed pipes are tuned 

The reed is fitted to the top of a rectangular pipe KN, called 
the wind-channel This is closed e\ erywhere, except at the bottom, 
where it can be fitted on a bellows In models of reed pipes used 
m illustrating lectures, the sides of the upper part of the tube are 
made of glass, so as to show the construction of the reed This 
arrangement is represented in fig 214 

When air arrives in the wind channel, it first passes between 
the tongue and the groove, and escapes by the pipe T , but, as 
the velocity increases, the tongue strikes against the edge of the 
gioove, and, closing it completely, the current is stopped. But, in 
virtue of its elasticity, the tongue reverts to its original position, 
and thus, by a senes of alternate openings and closings, the same 
series of pulsations is produced as in mouth instruments ; hence is 
produced a note the pitch of which depends upon the fiequency of 
the reed 

tree reed —This is a kind of reed so called because the tongue, 
instead of striking against the edges of the groove, like the reed 
described above, graces them so as to oscillate backwards and 
foi wards (fig 216). The tongue of the reed fits into and almost 
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closes a longitudinal slit cut m the metal front of a small wooden 
box, a (fig. 216) The tongue oscillates in such a way as to allow 
air to pass, and closes the slit each time it grazes its edges In 
this case also a wire, b, regulates the length of the vibrating part 
of the tongue. 

A reed can be very simply made from a piece of straw. About 
an mch from a knot an incision is made at r (fig. 217), with a 
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sharp penknife, about a quarter as deep as the diameter of the 
.1tew ; and then, by laying the knife flat, the straw is slit as far as 
itoe knot; the strip, rr, thus produced forms a reed joined with the 
pipe, sr. The note of this pipe depends on the length of the tube 
sr, and is higher the shorter the tube is made. In order to sound 
the pipe, the whole length of the reed is placed in the mouth, and 
the lips firmly closed. 

304. Bellows.—In acoustics a bellows is an apparatus by which 
■wind instruments, such as the siren and organ-pipes, are worked. 


T » 
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Between the four legs of a table there is a pair of bellows, S (fig. 
218), which is-worked by means of a pedal, P. R is a reservoir of 
flexible leather, m which is stored the air forced m by the bellows. 
if 1 this reservoir is pressed by means of weights on a rod, T, moved 
by die hand, the air js driven through a pipe, A, into a wind-chest, 
fixed oh the table. In this chest there are small holes dosed 

f J , *• 
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by leather valves, s (fig. 219). These can be Opened by pressing 
on keys, a, in front of the box. Below the valve is a spring, r, 
which raises the valve when the key is not depressed. The sound 
pipe is placed m one of these holes. 

205 Nodes and loops.—Experiment shows that when a pipe 
is sounded, the air particles in it are set in longitudinal vibration, 
and stationary waves are formed. In the case 
of an open pipe sounding its lowest or funda¬ 
mental note, the amplitude of the vibrations is 
least at the middle and a maximum at the two 
ends. The middle point is called a node, and 
the ends are the middle points of loops or 
ventral segments, the length of the pipe being 
half the length of a wave The middle point of 
a ventral segment is called an antinode If the 

pipe is sounding a harmonic of the fundamental, 
there may be.several ventral segments separated 
by nodes, but the ends are always the middle 
points of ventral segments In the case of a 
pipe closed at one end, a stopped pipe, the 
dosed end is always a node, and the open end 
an anti node 

When an aperture is opened in the side of a 
sounding pipe, the sound does not change if 
the aperture is made in the middle of a loop ; 
but if it corresponds to a node, the sound is 
altered, for this node then becomes a loop 
This property is used in wind mstiuments like 
the flute, or the clarionet, along which holes 
are made which can be closed by the fingers, or 
by the aid of keys 

There are many experiments by which the 
existence of nodes and loops in a sounding 
pipe may be shown. 

If a fine membrane is stretched over a paste¬ 
board ring, and has sprinkled on it some fine sand, it can be 
gradually let down a tube, as shown in fig 220. Now, suppose 
the tube to be producing a musical note. As the membrane 
descends, it will fee set m vibration by the vibrating air. But 
when it reaches a node it will cease to vibrate, for there the air is 
at rest. Consequently, the grams of sand, too, will be at rest, and 
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their quiescence wil] indicate the position of the node. On the 
other hand, when the membrane reaches the middle of a loop— 
that is, a point where the amplitude of the vibrations of the air 
attains a maximum—it will be violently agitated, as will be shown 
by the agitation of the grains of sand. And thus the positions o. 
the loops can be rendered manifest. 

The formation of nodes and loops in a sounding pipe may also 
be shown by what are known as Kundt’s dust figures. A simple 
modification of the experiment by Mayer is the following. A 
portion of a child’s wooden whistle (fig. 221) is cut off just behind 



Fig. 221. 


the first finger-hole, and cemented into a glass tube about three 
times its length. This tube is closed at the end with a cork, and 
contains a quantity of powdered silica, or of very finely sifted sand. 
When the pipe is sounded by blowing into it, the dust is set in 
vibration, and arranges itself in small patches in a certain definite 
order, accumulating at the nodes. The distance between two 
neighbouring heaps is half the wave length in air corresponding to 
the note of the whistle. 

206. Vibration of air in pipes.—The vibrations of air in pipes 
present two cases according as the pipes are open or stopped. 

Stopped pipes. —When, having placed a stopped pipe on the 
bellows, air is slowly passed, the fundamental note of the pipe is 
produced. If, then, we denote by 1 the corresponding number of 
vibrations, when the current of air is forced we suddenly get the 
sound corresponding to 3 ; and if the wind be still more forced we 
have successively the sounds 5, 7, etc. : that is to say, sounds 
which by their pitch correspond to vibrations, 3, 5, 7, etc. times as 
numerous as those of the fundamental sound. Hence when the 
air is forced stopped pipes give successively notes whose fre- 
quenciesf&re represented by the series of odd numbers. 

With;|fi|»es of different lengths, the numbers of vibrations cor- 
respondift &fc the fundamental note are inversely as the lengths ; 
that is to I % pipe which is half as long as another will yield 
.tise.^Etowe-ofthe first note. 
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Open pipes .—The fundamental note being still represented by 
unity, the harmonics obtained by forcing the wind are successively 
represented by 2, 3, 4, 5, 6, etc., that is, by the natural series of 
numbers. 

The fundamental note of an open pipe is always an octave 
higher than the fundamental note of a closed pipe of the same 
length. 

This may be shown by the apparatus represented in fig. 222, 
which consists of an open pipe, provided with a sliding diaphragm 
of the same cross-section as that of the pipe. 

When the diaphragm is pushed in, the whole 
length of the pipe is open, but half of it is 
closed when the diaphragm is as represented 
in the figure. In the latter case we have the 
fundamental note of a closed pipe of length 
V N. When the diaphragm is inserted we 
have the fundamental note of an open pipe 
of twice the length, V V', and in both cases 
the sound is the same. 

207. Pitch pipe .— Instead of using bellows 
and organ pipes of various lengths, these 
laws may be conveniently demonstrated by 
means of a pitch pipe (fig. 223), which is 
a small sound-pipe with a movable graduated 
stopper. If, having closed the pipe at its 
full length, we blow into it, we get the funda¬ 
mental note of the stopped pipe, say c ; if 
now we blow into it more strongly, we get 
the note g' (192), which is the fifth of the 
higher octave of c ; and more strongly 
still, the note e", which is the major third 
of its second octave ; and so on for the 
others. 

In like manner, having just closed the 
pipe, if we push in the stopper until its 
length is one half and sound it, we get the 
higher octave of the fundamental note ; by 
making it £ its original length we get the fifth of the higher octave 
of c ; and so for any other aliquot part. 

By removing the stopper altogether we have an open pipe, and 
the note et which it yields is the octave of the stopped one, and 
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HHjjfs, sounded by increasingly powerful currents of air, givfes the 
jewing series of notes, r", g", c”\ e" (192), and so forth. 

208, Wind instruments. —Wind instruments are straight or 
curved tubes, the air in. which is set m vibration by suitable means. 
They are divided into mouth instruments and reed instruments ; 
in some, such as the organ, the notes are fixed , and require 
a separate pipe for each note ; in others the notes are variable , 
and are produced by only one tube; the flute, horn, etc., are of 
this class. 

The Pan’s pipes, the flageolet, and the German flute are 
mouth instruments. The principal reed instruments are the 


__ clarinet, the oboe, and the 
bassoon. 

The Paris pipes (fig, 224) 
%! consist of tubes of different 
sizes corresponding to the dif¬ 
ferent notes of the gamut. 

In the organ the pipes are 
of various kinds—namely, mouth 
pipes, open and stopped, and 
F, g reed pipes with apertures of 

various shapes. The air is 
famished by means of bellows, from which it passes into the wind 
chest, and thence into any pipe which is desired ; this is effected 
by means of valves which are opened by depressing keys like those 
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of the piano In the larger organs there are 
several rows of key-boards arranged at different 
heights. 

In the flute the mouthpiece consists of a 
simple lateral circular aperture , the current of 
air is directed by means of the lips so that it 
grazes the edge of the aperture. The holes at 
different distances are closed either by the 
fingers or by keys ; when one of the holes is 
opened, an antmode (205) is produced m the 
corresponding layer of air, which modifies the 
distribution of nodes and loops in the interior, 
and thus alters the note. The whistling of a 
key is similarly produced, 
merits .—In the trumpet, the hom, the trombone, 
nd Ojpideide the lips form the reed, and vibrate 
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in the mouthpiece (fig. 225), which terminates in a smaller tube by 
which it can be affixed to the instrument. In the kom, different 
notes are produced by altering the tension of the lips. In the 
trombone, one part of the tube slides within the other, and the per¬ 
former can alter at will the length of the tube, and thus produce 
higher or lower notes. In the comel-d-piston, the tube forms several 
convolutions ; pistons placed at different distances can, when 
played, cut off communication with other parts of the tube, and 
thus alter the length of the vibrating column of air. 

209. The human voice.—If we bevel off the ends of a piece 
of wooden tubing, so that two summits are left, and if now two 
pieces of thin vulcanised mdia rubber or leather be stretched and 
tied between them so as to leave a narrow slit, we have a sort of 
membranous reed pipe (fig. 226). For if we blow into the tube we 
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get a note which is higher the tighter the lips are stretched ; and 
the vibrations of the lips which form the slit can be distinctly seen. 

This, which is in effect an artificial larynx, well illustrates the 
manner in which the sound of the human voice is produced. 

The trachea or windpipe is a tube which terminates at one end 
in the lungs, and at the other in the larynx , which is the true organ 
of vocal sound. Fig. 227 represents a horizontal section of this 
organ. It consists of a number of cartilaginous structures, b b, 
which are connected by various muscles, by which great variety 
and control in the motions are attainable. These muscles are 
connected with, and move, two elastic membranes or bands with 
broad bases fixed to the larynx, and with sharp edges c c ; these 
are called the vocal cords. According to the pressure of the 
muscles these cords are more or less tightly stretched, and the 


*4® On Sound [809- 

space between them, the vocal slit, is narrower or wider accordingly, 

ordinary breathing, air passes through the triangular aper¬ 
ture o ; but when this is contracted in singing, the vocal cords are 
stretched, and put in vibration by the current of air, and pro¬ 
duce tones which are higher the more tightly the cords are stretched 
and the narrower is the vocal slit. These vibrations are com. 
municated to the air in the larynx, and in the cavity of the mouth. 
The changes can be effected with surprising rapidity, so that in 
this respect the human voice far surpasses anything that can be 
made artificially. 

The notes produced by men are deeper than those of women 
or boys, because in them the larynx is longer and the vocal cords 
larger and thicker ; hence, though equally elastic, they vibrate 
less swiftly. The vocal cords are 18 millimetres long in men, and 
12 millimetres long in women. Chest notes are due to the fact that 
the whole membrane vibrates, while the falsetto is produced by a 
vibration of the extreme edges only. The ordinary compass of the 
individual voice is within two octaves, though this is exceeded by 
some celebrated singers. 

The essential sonorous part of the human voice depends 
upon the vowels. The form and cavity of the mouth can be greatly 
modified by the extent to which it is opened, fay the altered position 
of the tongue, and so forth. It thus forms a resonator which can 
be quickly and completely controlled. When the mouth is adjusted 
so as to produce the broad A, as m father, it has then a sort of 
funnel shape, with the wide part outward ; for O, as in more, the 
-effect is like that of a bottle with a wide neck ; and for U, as in 
poor, it is that of a similar bottle with a narrow neck. For the 
Other vowels, such as A, E, and I, the effect is as if the bottle were 
prolonged by a tube, formed by contracting the tongue against the 
palate. 

The sounds by which the consonants are produced are much 
less strong than the vowel sounds. They are thus inaudible at 
distances at which the vowel sounds can be distinctly heard. 
Hence, in speaking with people hard of hearing, it is by no means 
necessary to speak leader, but it is sufficient to accentuate the con¬ 
sonants. Indeed, distinctness of speech does not depend on loud 
screaming,, but is produced by careful articulation. 

tzio. Ear.r—The organ of hearing in man consists of several 
structures'; the outer ear, A (fig. 228), by which the sound is cel- 
Jested and transmitted through the auditory passage, B, to the drum 
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or tympanum, C. This is a delicate, tightly stretched membrane 
or skin separating the outer ear from the middle ear or tympanic 
cavity. This is a cavity in the temporal bone in which are several 
small bones whose dimensions are considerably exaggerated in the 
figure. One of these, the hammer, M, is attached at one end to the 
tympanic membrane, and at the other is jointed to the anvil, E ; 
the latter is connected by means of a small lens-shaped bone, L, to 
the stirrup bone , K (fig. 229), and therewith to the oval window, an 
aperture closed by a fine membrane which separates the tympanic 
cavity from the labyrinth. The tympanic cavity is also connected 
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by the Eustachian tube with the cavity of the mouth, so that the 
air in it is always under the same pressure. 

The labyrinth is a complicated structure filled with fluid ; it is 
entirely of bone, with the exception of the oval window already 
mentioned and the round window. The labyrinth consists of 
three parts : the vestibule, which is closed by the oval window ; the 
three semicircular canals, G ; and the spiral-shaped cochlea or snail 
shell, H, fig. 328, shown in section in fig. 230. This is divided 
throughout its entire length by a diaphragm partly of bony pro¬ 
jection and partly of membrane; the upper part of this division is 

R 



94M Sound 

connected with the vestibule, and therefore with the oval window, 
while the lower part is connected with the round window. In the 
labyrinthine fluid of this part the termination of the auditory 
fterve is spread, the other end leading to the brain. 

The drum of the ear may be injured without the sense of hearing 
being lost, but if the labyrinth is injured, or if the auditory nerve 
ceases to act, deafness is produced. 

The membranous part of this diaphragm is lined with about 
3,000 extremely minute fibres, which are the terminations of the 
acoustic nerve. Each of these, which are called Cortis fibres, 
seems to be tuned for a particular note as if it were a small 
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resonator (194). Thus when the vibrations of any particular note 
reach these fibres, through the intervention of the stirrup bone and 
the fluid of the labyrinth, one fibre or set of fibres only vibrates 
in unison with this note, and is deaf to all others. Hence each 
simple note causes one fibre only to vibrate, while compound notes 
cause several; just as when we sing near a piano with the dampers 
raised from the strings, only those strings are set in vibration 
which correspond to the fundamental notes sung and their har¬ 
monics. Thus, however complex external sounds may be, these 
rttfcrttscopic fibres can analyse them and reveal the constituents of 
Which they are formed. 
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CHAPTER I 

GENERAL EFFECT OF HEAT. THERMOMETERS 

211. Heat. Hypothesis as to its nature.— The sensations of 
heat and cold are familiar to all of us. In ordinary language the 
term heat is used not only to express a particular sensation, but 
also to describe that particular state or condition of matter which 
produces this sensation. Besides producing this sensation, heat 
acts variously upon bodies ; ,it melts ice, boils water, makes metals 
red-hot, decomposes chemical compounds, and so forth. 

On the modern view the heat of a body is caused by an oscil¬ 
lating or vibratory motion of its material particles, and the hottest 
bodies are those in which the vibrations have the greatest frequency 
and the greatest amplitude. Hence, on this view, heat is not a 
substance , but a condition of matter , and a condition which can be 
transferred from one body to another. It is also assumed that 
there is an imponderable elastic ether, which pervades all bodies, 
the densest or the most transparent solids or liquids, the most 
attenuated gases as well as the stellar spaces, and which is capable 
of transmitting a vibratory motion with great velocity. It is by 
the rapid vibratory motion of tins ether that heat is transferred 
from one body or place to another, just as sound is transmitted 
by a vibratory motion of atmospheric air. 

This hypothesis is now admitted as affording a better explana- 
tion of the phenomena of heat than any other theory, and it reveals 
an intimate connection between heat, light, and electricity. -Iff 
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accordance with it, heat is a form of energy ; and it can be shown 
that heat may be converted into the energy of motion, and, con¬ 
versely, that motion may be converted into heat. 

Although the undulatory theory of heat is the one which best 
explains and accounts for the greatest number of facts, yet it may 
be sometimes convenient to use language which is based on older 
hypotheses. Thus, m speaking of a body becoming heated or 
cooled, we say that it gains or loses heat; in reality, the vibratory 
motion of the particles is increased or diminished 

In what follows, however, the phenomena of heat will, as far as 
possible, be considered independently of any hypothesis 

212 General effects of heat.—The general effects of heat upon 
bodies are to increase the velocity of the vibratory motion of their 
molecules, and accordingly to lessen molecular attraction. Under 
its influence, therefore, bodies tend to expand —that is, to assume a 
greater volume. 

All bodies expand by the action of heat. As a general rule, 
gases are the most expansible, then liquids, and lastly solids The 
expansion of bodies by heat is thus a new general property to be 
added to those already studied (8). 

The action of heat upon bodies is not merely to expand them ; 
when gradually heated, bodies first lose their solidity and become 
somewhat softer; then, as the heat still increases, the forces holding 
the particles change their character, and the bodies liquefy Wax, 
resin, sulphur, thus pass readily from the solid to the liquid state ; 
heat, therefore, produces in solids a change of state of aggregation. 
But m liquids it also produces a similar change When liquids are 
heated they first expand ; heated still more, their molecular attrac¬ 
tion is overcome, and the liquids are changed into aeriform fluids 
called vapours 

If, instead of becoming accumulated m bodies, heat is given 
out—that is, if bodies are cooled instead of being heated—-the 
opposite phenomena are produced; the molecules come nearer 
each other, the volume of the pores diminishes, and with it that of 
the body ; which is expiessed by saying that the body contracts . 
By cooling, vapours, losing their elastic force, revert to the liquid 
State; and liquids themselves, by the same process, gradually 
return to the solid state. Thus water changes into ice, and mer¬ 
cury becomes as hard as lead. 

*■» 'Hence as heat increases in, or is lost by, bodies, two physic*! 
|si$fects may be prefaced: j. Changes in volume, consisting in 
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expansions and contractions. 1. Changes of condition—that is, 
the change of solids into liquids, of liquids into vapours, and 
conversely. We shall first discuss .the expansion of bodies, and 
afterwards their changes of state. 

213. Expansion.—All bodies are expanded by heat, but to very 
different extents. Gases are the most expansible of substances, 
solids the least. 

In solids, which have definite figures, we can either consider the 
expansion in one dimension, or the linear expansion ; in two dimen¬ 
sions, the superficial expansion ; or in three dimensions, the cubical 
expansion or the expansion of volume, although one of these never 
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takes places without the others. As liquids and gases have no 
definite shapes, we can only consider the alterations of volume 
which they undergo. 

To show the linear expansion of solids, the apparatus represented 
in fig. 231 may be used. A metal rod, A, is fixed at one end by a 
screw, B, while the other end presses against the short arm, C, of 
a lever, D, the end of the long arm of which moves over a scale. 
Below the rod, A, there is a sort of cylindrical trough in which 
spirit is burned. The needle, D, is at first at the zero point, but, 
as the rod becomes heated, the needle moves along the scale, 
which shows that the short arm, C, of ,the lever is slightly dis¬ 
placed, pushed by the rod, A, as it expands. 
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- It will be observed that, if rods of different metals are used, the 
Index will be moved to different extents, showing that their expan¬ 
sibility differs. Thus it will be 
found that brass is more expan¬ 
sible than iron or steel. 

The cubical expansion of 
solids may be shown by means 
of a Gravesandds ring. It con¬ 
sists of a brass ball, a (fig. 232), 
which at the ordinary tempera¬ 
ture passes freely through a ring, 
m, of almost the same diameter. 
But when the ball has been 
heated, it expands and no longer 
passes through the ring. It does 
so, however, on reverting to its 
gig, a 3 ,. original temperature. 

This experiment may be 
slightly varied by using a truncated copper cone, A, and a copper 
ring, C (fig. 233); at the ordinary temperature the ring stands at 
the mark a. When the cone alone is heated, it 
will be found that the ring stands at the mark a '; 
while if the ring and not the cone is heated it 
stands at a" ; if both are simultaneously heated at 
C the same temperature, it stands at the same mark 
as at first 

The expansibility of liquids and gases, which is 
far greater than that of solids, is easily shown. For 
a liquid, a glass tube with a bulb at one end may 
be used (fig. 234), which is filled with some liquid, 
coloured alcohol for instance. When the bulb is gently heated, by 
placing it in tepid water, for example, the column of liquid is seen 
to rise considerably in the tube ; thus from a to b, and the expan¬ 
sion 'thus observed is far greater than in the case of solids. 

The same apparatus may be used for showing the expansion of 
gases. The bulb being filled with air, a small thread of mercury 
is introduced into the capillary tube to serve as index (fig. 235). 
When the, globe is heated in the slightest degree, even by ap¬ 
proach iog’che hand, the expansion is so great that the index is 
driven to the: end of the tube, and is finally expelled. It is thus 
teen that gases are highly expansible. 







In these different experiments the bodies contract on cooling, 
and when they have attained their former temperature they resume 
their original volume, Certain metals, how¬ 


ever, especially zinc, form an exception to 
this rule, as do also some kinds of glass. 

It will thus be seen that the general 
effect of heat upon bodies is to expand 
them. Yet this only applies to bodies which, 
like the metals, glass, etc., do not absorb 
moisture. Bodies which absorb moisture, 
such as wood, paper, day, undergo a con¬ 
traction when heated, owing to the heat 
expelling moisture from their pores. Thus 
a moist sheet of paper placed before the 
fire coils up on the heated side. Coopers, 
in order to curve the staves of barrels, heat 
them on one side, by lighting a fire on the 
inside of the barrel when the staves are 
placed close together. The part turned 
towards the fire contracts in drying, and 
becomes concave on the side exposed to 
the direct action of heat. 



MEASUREMENT OF TEMPERATURES. THERMOMETRY 

214. Temperature.—The temperature or hotness of a body may 
be defined as being the greater or less tendency which it has to 
impart sensible heat to other bodies. The temperature of any 
particular body is varied by adding to or withdrawing from the 
body a certain amount of sensible heat. The temperature of a body 
must not be confounded with the quantity of heat it possesses ; a 
body may have a high temperature and yet have a very small 
quantity of heat, and conversely, with a low temperature may possess 
a large amount of heat. If a cup of water be taken from a bucketful, 
both will have the same temperature, yet the quantities of heat they 
possess will be very different The subject of the quantity of heat 
will be afterwards more fully explained in the chapter on Specific 
Heat. 

215. Thermometer *.—Thermometers are instruments for mea¬ 
suring temperature. Owing to the imperfections of our senses we 
are unable accurately to measure the temperature of a body by the 
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sensation of heat or cold which it produces in us, and hence recourse 
must be had to the physical effects of heat upon bodies. The most 
accurate and the most convenient are the effects of expansion. 
Solids, having but little expansibility, can only be used to examine 
large intervals of temperature ; gases, on the other hand, are very 
expansible, and only serve to measure small ones. They are, 
moreover, affected by changes of atmospheric pressure. For these 
reasons, liquids are best suited for the construction of ordinary 
thermometers. Mercury and alcohol are 
fjj in practice the only ones used—the former 

because its expansion is regular, and it 
only boils at a high temperature ; and the 
latter because it does not solidify until a 
very low temperature is reached. 

The mercurial thermometer is the one 
most extensively used. It consists of a 
“ capillary glass tube, at the end of which 

is blown the bulb, a cylindrical or spherical 
reservoir (fig. 237). Both the bulb and 
a part of the stem are filled with mercury, 

- and the expansion is measured by a scale 

graduated either on the stem itself (fig. 
240), or on a frame to which it is attached 

(fig. 243)- 

The filling of the tube with mercury 
may be effected by fusing to the tube a 
small funnel, as shown in fig. 236. In 
this is placed a small quantity of mercury, 
and the bulb is then gently heated by a 
spirit lamp. The expanded air partially 
' . * v escapes by the funnel, and, on cooling, 

the air which remains contracts, and a 
portion of the mercury passes into the 
it-*36- lig.237. bulb. The bulb is then again warmed, 

and allowed to cool, a fresh quantity of mercury enters, and so on, 
until the bulb and part of the tube are full of mercury. The mer¬ 
cury is then heated to boiling ; the mercurial vapour in escaping 
carries with it the air and moisture which remain in the tube. The 
tube, bejp£§&us full of’the expanded mercury and of mercurial 
vapour^b^&enneticany sealed at the end. When the thermometer 
mercury ought to fill the bulb and a portion of the stem, 
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216. Graduation of the thermometer. —The thermometer having 
been filled, as has just been described, the mercury rises or sinks 
in the stem whenever the temperature rises or sinks, and these 
variations furnish a means of measuring temperatures. For the 
purpose of measuring these variations a graduated scale must be 
constructed along the stem. In graduating the scale two points 
must be taken, which represent definite fixed temperatures and 
which can always be easily produced. 



Fig. 238. Fig. 239. 


Experiment has shown that ice always melts at the same tem¬ 
perature to whatever source of heat it is exposed (249), and that 
distilled water under the same pressure, and in a vessel of the 
same kind, always boils at the same temperature. Consequently, 
for the first fixed point the temperature of melting ice has been 
taken ; and, for the second fixed point, the temperature of boiling 
water in a metal vessel under the standard atmospheric pressure of 
30 inches (128). 
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interval of temperature—that is, the range from the melt¬ 
ing point of ice to the boiling point of water—is taken as the unit 
for comparing temperatures ; just as a certain length, a foot or a 
yard for instance, is used as a basis for comparing lengths. 

To obtain the lower fixed point, snow or pounded ice is placed 
in a vessel (fig. 238). The bulb and a part of the stem of the 
thermometer are immersed in this for about a quarter of an hour; 
the mercury sinks, and the level at which it finally rests is marked 
by a scratching diamond. 

The second fixed point is determined by means of the apparatus 
represented in fig. 239. It consists of a metal vessel containing 
distilled water which can be boiled by a Bunsen burner placed 
underneath. From it rises a tube, B, open at the top and sur¬ 
rounded by an outer cylinder, C, through a cork in the top of which 
the thermometer passes. The outer tube serves as a steam-jacket 
for the inner. The steam rising in the inner tube descends 
between it and the outer and escapes by the lateral aperture r. 
The small tube r' on the other side communicates with the inside 
of the vessel, and has attached to it a glass siphon manometer 
tontaining water or mercury. This serves to inform the observer 
whether the pressure of the steam is the same as that of the outside 
atmosphere. The steam is at the same temperature as the water 
from which it is liberated, and, when the mercury is stationary, a 
second mark is scratched upon the stem. 

217. Construction of the scale. —Just as the foot-rule, which is 
adopted as the unit of comparison for length, is divided into a 
number of equal divisions called inches, for the purpose of having 
a smaller unit of comparison, so likewise the unit of temperatmes, 
the range from the freezing to the boiling point of water, must be 
divided into a number of parts of equal capacity called degrees. 
There are three methods by which this is done. On the Continent, 
and more especially in France, this space is divided into 10O parts, 
!«t» corresponding to the melting point of ice, and 100 degrees to 
he boiling point of water, and this division is called the Centigrade 
>r Celsius scale; the latter being the name of the inventor. The 
Centigrade thermometer is almost exclusively adopted in foreign 
scientific works, and, as its use is gradually extending in this 
3 ©untry,$t has been and will be adopted in this book. 

The degrees are designated by a small cipher placed a little 
&ove 9 p- fee fight of the number which marks the tempera- 
sure. The graduation is continued above too 0 and below *ero, 
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and to indicate temperatures below zero the minus sign is placed 
before them. Thus -15° signifies 15 degrees below zero. In accu¬ 
rate thermometers the scale is marked on the stem itself (fig. 240). 
It cannot be displaced, and its length remains fixed, since glass 
has very little expansibility. This marking is effected by coating 
the stem with a thin layer of wax, and then marking 
the divisions of the scale, as well as the corresponding 
numbers, with a steel point. The thermometer is then 
exposed for about ten minutes to the vapours of a substance 
called hydrofluoric add , which bites into the glass where 
the wax has been removed. The rest of the wax is then 
dissolved off by means of turpentine, and the stem is 
found to be permanently etched. 

Scales are also constructed on plates of ivory, wood, 
or metal, against which the stem is placed. Fig. 243 
lepresents this arrangement. 

Besides the Centigrade scale, two others are fre¬ 
quently used— Fahrenheit’s scale and Rdauntur’s scale. 

In Reaumur’s scale, which is used in Russia and in 
North Germany, the distance between the fixed points is 
divided into 80 degrees instead of into loo. That is to 
say, 80 degrees Reaumur are equal to too degrees Centi¬ 
grade ; one degree Reaumur is equal to yy 1 or J of a 
degree Centigrade, and one degree Centigrade equals 
AHr or $ degree Reaumur, Consequently to convert any 
number of Rdaumur degrees into Centigrade degrees 
(20 for example), it is merely necessary to multiply them 
by f (which gives 25). Similarly, Centigrade degrees are 
converted into Rdaumur’s by multiplying them by §. 

The thermometer scale invented by Fahrenheit in 
1714 is still much used in England, and also in Holland 
and North America. The higher point is, like that of 
the other scales, the temperature of boiling water, but 
the null-point or zero is the temperature obtained by 
mixing equal weights of sal-ammoniac and snow, and 
the interval between the two points is divided into 212 degrees. 
The zero was selected because the temperature was the lowest 
then known, and was erroneously thought to represent the 
lowest attainable temperature. When Fahrenheit’s thermometer 
■s placed in melting ice it stands at 32 degrees; and, therefore, 
100 degrees on the Centigrade scale are equal to 180 degrees on 
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the Fahrenheit scale, and thus i degree Centigrade is equal to 
f degree Fahrenheit, and conversely i degree Fahrenheit is equal 
to $ of a degree Centigrade. 

If it is required to convert a certain number of Fahrenheit 
degrees (95 for example) into Centigrade degrees, the number 32 
must be first subtracted, m order that the degrees may count from 
the same point of the scale. The remainder in the example is thus 
63, and as 1 degree Fahrenheit is equal to $ of a degree Centigrade, 
63 degrees are equal to 63 x f or 35 degrees Centigrade. 

If F denotes a certain temperature in Fahrenheit’s degrees, C 
the same temperature in Centigrade degrees, and R m Rdaumur 
degrees, we may state any one of these in teims of either of the 
other two by the formula 

F-32 C R 
9 5 4 

218. Alcohol thermometer.—The alcohol thermometer differs 
from the mercuiy thermometer m being filled with coloured alcohol. 
But as the expansion of liquids is less regular in proportion as they 
are near the boiling point, alcohol, which boils at 78° C , expands 

very irregularly. Hence, 
(O) alcohol thermometers are 

\ usually graduated by 
placing them in baths 
~~ at different temperatures 

_ jriUF together with a standard 

mercurial thermometer, 
WiiMp' and marking the corre- 

sponding temperatures. 

tot/ The filling is effected 

WP by gently heating the bulb 

so as to expel a certain 
wp| m quantity of air, then ln- 

verting it and plunging 
Flg lgI the open end into coloured 

alcohol (fig 241). The air 
inside contracts on cooling, and the atmospheric pressure raises 
the alcohol in the tube and in the bulb. When sufficient liquid has 
been introduced the end of the tube is sealed, air being purposely 
left in tojW<r»eBf breaks in the alcohol column. 

' tbe employment of mercury thermometer*.—Of 

Ati liquids are used, the one with mercury 
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is the most useful, because this liquid expands most regularly, and 
is easily obtained pure, and because its expansion between —36° 
and ioo° is most nearly regular —that is, proportional to the change 
of temperature. It also has the advantage of having a very low 
specific heat (276); and a further advantage is that it does not wet 
glass But for temperatures below - 36° C the alcohol thermometer 
must be used, since mercury solidifies at — 39 0 C Mercury ther¬ 
mometers also cannot be used for temperatures above 350°, for this 
is the boiling point of mercury 

Observations by means of the thermometer In taking the tem¬ 
perature of a room, the thermometer is usually suspended against 
the wall. This may, however, give rise to an error of several de¬ 
grees ; for if the wall communicates with the outside, and especially 
if it has a northern aspect, it will, generally speaking, be colder 
than the air in the room, and 
the thermometer will indicate 
too Iowa tempeiature On the 
other hand, it may happen that 
the wall becomes too much 
heated by the sun’s rays, or by 
chimney flues, and then the 
thermometer will be too high 
The only way to obtain with 
accuracy the temperature of the 
air m a room is to suspend the 
thermometer by a stung in the 
centre at a distance from any 
object which might laise or 
loner its temperature The 
same remark applies to the de¬ 
termination of the temperature 
of theatmospheie , the thermo¬ 
meter must be suspended in the 
open air, in the shade , and not 
against a wall 

220 Differential thermometer. —Sir John Leslie constructed a 
thermometer for showing the difference of temperature of two 
neighbouring places, from which it has received the name of the 
differential thermometer . 

A modified form of it is that devised by Matthiessen (fig. 243), 
which has the advantage of being available for indicating the 
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temperature of liquids. It consists of a bent glass tube, each end 
of -which is bent twice, and terminates in a bulb ; the bulls being 
pendent can be readily immersed in vessels containing liquids. The 
pend contains some coloured liquid, and in a tube which connects 
the two limbs is a stopcock, by which the liquid in each limb is easily 
brought to the same level. The whole is supported by a frame. 

When one of the bulbs is at a higher temperature than the 
other, the liquid in the stem is depressed and rises in the other 


stem. The instrument is now only used as a thermoscope ; that is, 
to indicate a difference of temperature between the two bulbs, and 
not to measure its amount 


221. Maximum and minimum thermometers.—It is necessary, 
in meteorological observations, to know the highest temperature of 
the day, and the lowest temperature of the night. Ordinary 
thermometers could only give these indications by a continuous 
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observation, which would be impracticable. Several instruments 
have accordingly been invented for this purpose, the simplest of 
which is Rutherford’s. On a rectangular piece of wood two thermo¬ 
meters are fixed (fig. 243), the stems of which are horizontal, and 
are bent at right angles near the bulbs. The upper one is a 
mercury, and the lower an alcohol, thermometer. In the maximum 
thermometer there is a short rod of glass or hard wood which serves 
as an index, and moves freely in the tube. The thermometer being 
placed horizontally, when the temperature rises the mercury pushes 
the index before it, But as soon as the mercury contracts the 
index,remains in that part of the tube to which it has been moved, 
for.t&re is no adhesion between the iron and the mercury. In 
tbis^ay the index, registers the highest temperature which has 
been obtained ia; this figure this is 13 0 . In the minimum 
thermometer there is a short piece of glam shaped like a dumb- 
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bell within the liquid column which serves as index. When it 
is at the end of the column of liquid, and the temperature falls, the 
column contracts and carries the index with it until it has reached 
the greatest contraction. When the temperature rises, the alcohol 
expands, and, passing between the sides of the tube and the index, 
does not displace the lattei. The position of the index gives, 
theiefore, the lowest temperature which has been reached The 
instrument is set by holding the tubes vertical 
until the indexes A and B have fallen to the 
surfaces of their respective liquids. It will be 
observed that in each tube the index is in contact 
with the convex surface of the liquid. 

Stx^s thermometer (fig. 244) is not only a 
maximum and minimum, but gives a double 
reading, and therefore corrects itself It consists 
of a U-shaped glass tube with a bulb at each 
tnd Mercury occupies the bend The bulb a 
and the left-hand stem down to the mercury ai e 
filled with alcohol, which also occupies the right- 
hand stem above the mercury and a part of the 
bulb b Alcohol vapour and air fill the remainder 
of b In the alcohol in each stem is an iron 
index which may be moved up and down by a 
magnet, and is kept in position b> a bit of horse- 
hau attached to it. The expanding substance is 
the alcohol in a When the temperatuie rises 
this expands and pushes the mercury down in 
the left, up in the right limb, and the index in 
front of it When the temperature falls the 
alcohol in a contracts and the mercury follows 
it, pushing up the index in the left limb towards 
a Breaks in the liquid column are prevented by the pressure of 
the air and alcohol vapour in b. The highest and lowest tempera¬ 
tures reached since the instrument was set are seen from the 
positions of the indexes in the right and left limbs respectively, 
file graduation of the instrument illustrated m fig 244 is m degrees 
Fahrenheit 

One of the most important of the uses of the thermometer is in 
observing the temperature of the body. This, which is usually 
98°'4 F., may vary within a degTee or so even in perfectly healthy 
persons, but greater variations indicate some disturbance, and the 
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tfeermometer has become a most valuable criterion of the existence 
tod course of diseases, more especially those of a febrile character. 
For determining the temperature of the body a special kind of 
maximum thermometer is used. It is graduated in Fahrenheit 
degrees, and shows only those portions of the scale which have 
to be observed (fig. 245). Such thermometers are called clinical 
thermometers. These thermometers are generally constructed on 
the so-called Negretti principle. The tube is very much con¬ 
tracted at a point near the bulb, as shown in the figure. As the 
temperature rises the mercury freely passes the constriction, but 
on cooling the mercury column breaks at this point, the part 
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below receding into the bulb, while that above remains practically 
constant in length. Thus the physician need be in no hurry to 
read the temperature after the instrument has been withdrawn 
from the mouth. To be reset the thermometer is held in the hand 
and sharply jerked, The momentum of the mercury can thus be 
made to overcome the friction at the narrow part of the tube, and 
continuity is re-established between the mercury in the bulb and 
that in the tube. 

222. Pyrometers.—The name pyrometers is given to instruments 
for measuring temperatures so high that mercurial thermometers 
could not be used. None of the older contrivances for this pur¬ 
pose give an exact measure of temperature, and the methods now 
used are based either on the expansion of gases or on alterations 
in the electric resistance of bodies, or on thermo-electricity (Book 
yilf, ch. xiii). 
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CHAPTER II 
RADIATION OF HEAT 

223. Radiant heat,—If we stand in front of a fire, or expose our¬ 
selves directly to the sun’s heat, we experience a sensation of warmth 
which is not due to the temperature of the air ; for if a screen be 
interposed the sensation immediately disappears, which would not 
be the case if the surrounding air had a high temperature. Hence 
bodies can send out rays which excite heat, and which penetrate 
through the air without heating it, just as rays of light pass through 
transparent bodies. Heat thus propagated is said to be radiated; 
and we shall use the term ray of heat or thermal or calorific ray , 
in a similar sense to that m which we shall afterwards use the term 
ray of light or luminous ray. 

The rays of heat are not warm of themselves any more than 
the rays of light are luminous •, they represent the direction in 
which heat is propagated, and only produce a heating effect when 
they fall upon a body and are absorbed by it. If they are trans¬ 
mitted they do not raise the temperature of a body. The upper 
layers of the atmosphere and the celestial spaces are no (joubt at 
a lower temperature than any known on the earth. 

If a stream of cold water be continuously passed through a 
hollow glass lens, on one side of which the sun’s rays fall, a piece 
of tmder placed in the focus on the other side is easily ignited. 

We shall find that the property of radiating heat is not confined 
to incandescent substances, such as a fire or a lamp, or a red-hot 
ball, but that bodies of all temperatures radiate heat. Thus a 
bottle full of hot water and a bottle full of cold water both emit 
heat; the quantity emitted depending upon the difference between 
the radiating body and that of the surrounding space. 

224. Lavra of radiation.—The radiation of heat is governed by 
three laws. 

I. Radiation takes place in all directions from, a body . If a 
thermometer be placed in different positions round a heated body ( 
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it indicates everywhere a rise m temperature ; at equal distances 
from die source of heat it indicates the same rise in temperature. 

H. Heat is propagated in right lines. For, if a screen be 
graced in the right line which joins the source of heat and the 
thermometer, so as to stop the rays, the latter is not affected. 

But in passing obliquely from one medium into another, as 
from air into glass, thermal, like luminous, rays become deviated, 
an effect known as refraction. The laws of this phenomenon are 
the same for heat as for light, and they will be more fully discussed 
under the latter subject. 

III. Radiant heat is propagated in a vacuum as well as in air. 
This is directly demonstrated by the following experiment:— 

In the bottom of a glass flask a thermometer t is fused in such 
a manner that its bulb occupies the centre of the flask (fig. 246). 

The neck of the flask is next carefully narrowed by 
means of the blowpipe, and then, the apparatus having 
been suitably attached to an air-pump, a vacuum is 
produced in the interior. This having been done, the 
tube is sealed by the blow-pipe at the narrow part. 
On immersing this apparatus in hot water, or on 
bringing near it some hot charcoal on a flame, the 
thermometer is at once seen to rise. This could only 
be due to radiation through the vacuum m the interior, 
for glass is so bad a conductor that the heat could not 
travel with sufficient rapidity through the sides of the 
flask and the stem of the thermometer to produce the 
effect observed. 

Fig. 146. 225. Causes which modify the intensity of radiant 

heat —The intensity of radiant heat is proportional to the tempera¬ 
ture of the source. 

The first law is demonstrated by placing a metal box containing 
water at 10° 20°, or 30° successively at equal distances from the 
bulb of a differential thermometer. The temperatures indicated 
by the latter are then found to be in the same ratio as those of the 
bbx ; for instance, if the temperature of that corresponding to the 
bflx at to 0 be 2 0 , those of the others will be 4 0 and 6° respectively. 

The intensity of radiant heat at any point is inversely as the 
square of the distance of the point from the source. 

Let us imagine a hollow sphere a b (fig. 247) of any given radius, 
and that at its centre there is a constant source of heat C. Each 
anltof surface of the inner face of the sphere will receive a definite 
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quantity of heat. Now if the radius of the sphere is doubled and 
equal to cf it follows from a well-known geometrical theorem that 
the inner surface is four times as great. But as, by supposition, 
the source of heat remains constant, 
each unit of surface must now receive 
only one-fourth. 

It should be observed that this prin¬ 
ciple only holds for heat rays diverg¬ 
ing from a point , for parallel rays the 
intensity is the same at all distances 
apart from absorption by the medium 

226. Interchange of heat among 
all bodies.—Owing to the radiation 
svhich is continually taking place m 
ill directions round a body, there is a continual interchange of 
heat If the bodies are all at the same temperature, each one 
sends to the surrounding ones a quantity equal to that which it 
receives, and their temperatures remain stationary. But if their 
temperatures are unequal, since the hot bodies emit more heat 
than they receive, they therefore sink m temperature , while, as 
the bodies of lower temperatures receive more heat than they emit, 
their temperature uses , thus the temperatures are all ultimately 
equal The radiation does not stop , it goes on, but without loss 
or gam from each body, and this condition is accordingly known 
as the mobile equilibrium of temperature 

From what has been said it will be understood that bodies, 
placed in our rooms, all tend to assume a uniform temperature ; 
generally speaking this is not the case, for many causes concur in 
cooling one set, and in heating the others. Thus bodies, placed 
near a wall, cooled by the outer air, find a cause for cooling. 
Those, on the contrary, which are at the top of the room tend to 
acquire a higher temperature , for, as heated air rises, the layeis 
nearest the ceiling are always hotter than the lower ones 

From this continual interchange of heat there is necessarily a 
limit to the cooling of bodies , for they always tend to resume on 
the one hand what they lose on the other. To have an indefinite 
cooling, a body should be suspended in space, not receiving heat 
from any body. As it would then lose heat without acquiring any, 
't must eventually reach the absolute zero of temperature, a com 
d’tion m which its particles would have lost all their vibrator^ 
'notion and have become absolutely motionless. 

ss 
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GH AFTER III 

REFLECTION OF HEAT. REFLECTING, ABSORBING, AND 
EMISSIVE POWERS 

227. Law of the reflection of heat.—When the rays emitted 
by a source of heat fall upon the surface of a body, they are 
divided generally into two parts : one, which passing into the mass 
of a body is absorbed, and raises the temperature ; the other, 
which darts off from the surface like an elastic ball striking against 
a hard body ; this is expressed by saying that these rays are 
reflected. Thus let A be the source of heat, a cubical box filled 
with hot water (fig. 248), and near it a screen which does not allow 
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heat to pass, but near the bottom of which is an aperture. If 
behind this screen a polished surface, B, be placed, against which 
the rays from the cube strike, and beyond this again a differential 
thermometer, D (320), the latter indicates an increase of tempera¬ 
ture when one of its bulbs is so placed that it receives the rays 
reflected by the polished body. In this experiment, rays like A B, 
Which fell on flte reflecting surface, are called incident rays, from a 
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Latin word which signifies ‘to fall upon and the angle of incidence 
is not the angle which the incident rays make with the reflecting 
surface, but the angle ABC which they make with a straight line, 
BC, perpendicular to this surface. In like manner the angle CBD, 
which the reflected rays make with the same straight line, is 
called the angle of reflection. 

The reflection of heat is always expressed by the law that the 
angle of reflection is equal to the angle of incidence. We shall sub¬ 
sequently see that the reflection of light follows the same law. 

228. Reflection of heat from concave mirrors. —The effects 
of the reflection of heat may be very powerful when it takes place 
from the surface of comave mirrors , which are spherical surfaces 
of glass or of metal A group of rays, starting from a point and 
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falling upon a concave mirror, converge after reflection to a single 
point, to which the name focus (from the Latin word for a hearth) 
is applied, to express the great quantity of heat which is concen¬ 
trated there. 

In treating of light we shall describe in detail the properties of 
the focus of concave mirrors ; for the present it will be sufficient to 
describe experiments which demonstrate the great intensity which 
radiant heat may acquire when concentrated in these points. Fig. 
249 represents an experiment which is frequently made in lectures 
on physics. Two reflectors, A and B, are arranged at a distance 
of 4 to 5 yards, so that their axes coincide. In the principal focus 
of one of them is placed a small basket «, containing a red-hot 
iron ball; in the corresponding focus of the other an inflammable 
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body, such as gun-cotton, or phosphorus, m. The rays emitted 
from die fotus n are first reflected from the mirror A in a direction 
parallel to the axis ; and, impinging on the other mirror, B, are 
reflected so that they converge to the focus m. That -this is so is 
proved by the fact that the inflammable substance placed in this 
point takes fire, which is not the case if it is above or below it. 

A similar but more powerful effect is produced when the con¬ 
cave mirror is so placed that the sun’s rays strike directly against 
it; if then a combustible substance, such as paper, wood, cork, etc., 
be held by means of a pincette m the focus, these bodies are seen 
to take fire. The effect produced depends on the magnitude of 
the mirror. With a mirror having an aperture of 6 feet—that is, 
the distance from one edge to the other—copper and silver are 
soon melted; and silicious stones and flints have been softened 
and even melted. 

In consequence of the high temperatures produced m the foci of 
concave mirrors and of the facility with which combustible bodies 
may be ignited there, they have been called burning mirrors, 
Buflbn constructed burning mirrors of a numbei of silvered plane 
mirrors, each about 8 inches long by 5 broad. They could be 
turned independently of each other in such a manner that the 
rays reflected from each coincided in the same point. With 168 
such mirrors and a hot summer’s sun Buffon ignited a plank of 
tarred wood at a distance of 70 yards. 

229. Reflecting power of various substances.—It has been 
seen that the heat which falls upon a body is always div ided into two 
parts—one which is reflected from the surface, and the other which 
passes into the mass of the body, and raises its temperature. The 
quantities of heat thus absorbed, or reflected, vary in different sub¬ 
stances ; one set reflects much and absorbs little, which is ex¬ 
pressed by saying that they have a great reflecting power; others, 
on the contrary, reflect very little heat, but absorb a great deal, 
and are therefore spoken of as having great absorbing power. It 
is clear that these properties are the inverse of each other, for any 
body which absorbs much heat can reflect but little, and conversely. 

In order to compare the reflecting powers of various substances, 
Leslie took as a source of heat a tin-plate cube full of boiling water, 
which he placed in front of a concave mirror (fig. 250). The rays 
emitted from the cube and falling upon the reflector converged after 
mfiuttion to the focus F. In front of and a short distance from 
this were placed successively small square plates of paper, glass. 
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metal—in short, of all the substances whose reflecting powers were 
to be examined. After reflection from the mirror, the rays, as shown 
in the drawing, were reflected a second time from these plates, and 
finally impinged against the bulb of a differential thermometer, 
which was shielded in such a way that only rays reflected from 
the small plate could reach it. Now, in this experiment the source 
of heat was the same, as was also the distance from the reflector; 
yet the thermometer gave very different indications according to 
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the material of which the small plates were formed. The "tempera¬ 
ture was highest when the plate was made of polished brass, 
which metal is therefore the best reflector. The reflecting power 
of silver is only that of brass ; that of tin ; of glass 
Water and lampblack were found to be destitute of reflecting 
power, for when the plates were coated with lampblack, or 
moistened with water, the thermometer indicated no increase in 
temperature, showing that it had received no heat. 

230. Absorbing power.—In order to compare the absorbing 
powers of various substances, Leslie arranged the experiment as 
shown in fig. 251. The source of heat and the reflector being the 
same as in the preceding experiment, the differential thermometer 
was placed in the focus, where it received directly all the heat 
reflected by the mirror. The surface of the focal bulb was altered 
for each experiment by coating it successively with various ma¬ 
terials, paper, tinfoil, gold, silver, copper, and leadfoil; it was also 
coated with a thin layer of lampblack ; it was moistened, and so 
on. It was thus found that when the focal bulb was coated with 
lampblack, or with water, the thermometer indicated the highest 
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temperatures ; whence it was concluded that lampblack ant* water 
have the greatest absorbing power. The lowest temperature was 
exhibited when the bulb was coated with thin metal folk niore 
especially with silver ; thus indicating that bright metallic surface® 
are the least absorbent of the substances experimented oi 1 when 
the source is at the temperature of boiling water (233) The result 
was arrived at, which could indeed be foreseen, that those bodies 
which best reflect heat absorb it least ; and that, convers#'y> the 
best absorbers are the worst reflectors 

231. Emissive power.—The emissive or radiating powe r 15 the 
property bodies have of emitting more or less easily the he at they 
contain ; it is the inverse of the absorbing power 

Leslie compared the emissive powers of \ anous bodies by means 
of the apparatus represented in fig 251. The focal bulb of the 
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thermometer was left uncoated, and the various substances were 
applied successively to the sides of the tin cube One of tb em > for 
instance, was left m its ordinary condition ; the second was coated 
with lampblack ; to the third a sheet of white paper was fixed, and 
to the fourth a glass plate. 

Turning first of all the blackened face towards the reflec tor i 
thermometer indicated a considerable increase of temperatu re i thus 
showing that the cube sent much heat towards the reflector. Turn- 
ing then successively the other faces towards the reflectori ]t was 
found that the paper side emitted less heat than the bla c h* ne< * 
face, but more than the glass side, which in turn emitted more 
than the tin side. 

Working in this manner, Leslie found that lampblack has the 
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greatest emissive power, then paper, then ordinary glass, then the 
metals. The order of their emissive powers is thus the same as 
that of their absorbing powers. It is thus concluded that bodies 
which best absorb heat also radiate best ; and it has been proved, 
that for each substance the emissive power is equal to the 
absorbing power. 

232. Causes which modify the reflecting, absorbing, and radiat¬ 
ing powers.—As the radiating and absorbing powers are equal, 
any cause which affects the one affects the other also. And as the 
reflecting power varies in an inverse manner, whatever increases 
this diminishes the radiating and absorbing powers, and vice versa. 

It has been already stated that these different powers vary with 
different bodies, and that metals have the greatest reflecting power 
and lampblack the feeblest. In the same body these powers are 
modified by the degree of polish, the density, the thickness of the 
radiating substance, the obliquity of the incident or emitted rays, 
and, lastly, by the nature of the source of heat. 

The relation between the absorbing and radiating powers is 
well illustrated by the following experiment (fig. 252), which repre¬ 
sents what is in effect a differential thermometer (220) with polished 
metal canisters, B and C, instead of glass bulbs. These are con¬ 
nected by a glass tube in which stands 
coloured liquid. Between them is a 
metal capister, A, which can be filled 
with hot water. The faces of B and of A 
w Inch look to the right are coated with 
lampblack ; those of C and A which 
face the left are bright and polished. 

Thus of two opposite faces one is 
black and the other bright; hence, 
when the cylinder A is filled with hot 
water, its white face radiates towards 
the black face of B, and its black face 
towards the white face of C, and the 
liquid in the stem does not move, 
showing that they are at the same 
temperature. On the one hand the 
greater emissive power of the black 
face of A is compensated by the 
smaller absorptive power of the white 
face of C; while on the other hand the feebler radiating power of 
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€he white face of A is balanced by the greater absorbing power 
of the black face of B. 

If, however, the canister be turned round so that the two black 
or the two bright faces are opposite one another, the liquid at once 
moves. 

The absorbing power varies with the inclination of the incident 
rays. It is greatest at right angles ; and it diminishes in propor¬ 
tion as the incident rays are less perpendicular. This is one of 
the reasons why we receive more heat from the sun in summer 
than in winter ; because, in the former case, the sun’s rays are less 
oblique. 

The radiating power of gaseous bodies in a state of combustion 
is feeble, as is seen by bringing the bulb of a thermometer near a 
hydrogen flame, or the flame of an ordinary Bunsen burner, the 
temperature of which is very high, but which is almost destitute of 
illuminating power If a platinum spiral be placed in this flame, 
it assumes the temperature of the flame, and radiates a consider¬ 
able quantity of heat, as is indicated by the thermometer. For a 
similar reason the flames of oil and of gas lamps radiate more 
than a hydrogen flame m consequence of the carbon which they 
contain, and which, not being entirely burned, becomes white-hot 
in the flame. 

An important application of this is made in the Auer-Welsbach 
light Over such a non-luminous burner as that of Bunsen, a 
delicate mantle or cap of certain rare earths is suspended. -They 
have the property of resisting the high temperature of the flame 
without any appieciable loss by volatilisation, and of thus emitting 
a light of dazzling brightness. It is stated that the luminosity 
thus obtained is six times as great as that produced by an equal 
volume of gas burned in an ordinary luminous burner. 

The absorbing power of a body is also influenced by the nature 
Of the source of heat. Thus, for the same quantity of heat emitted, 
A surface coated with white lead absorbs twice as much, if the heat 
comes from a cube filled with hot water, as it does if the heat is 
that of a lamp. Lampblack, on the contrary, under the same 
conditions, absorbs the same amount of heat whatever be the 
source. 

233. Different kinds of heat Diathermancy.—Just as different 
substances possess/ the power erf allowing the rays of light to pass 
through them to different extents, and are said to be more or less 
toen&mtU {$%%), SO also modern investigation has shown that all 
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bodies do not allow the rays of heat to traverse them with equal 
facility, and are therefore said to be more or less diathermanous. 
For instance, the metals are just as athermanous for heat ray* as 
they are opaque for the rays of light. On the other hand, rock-salt 
stands in the same relation to heat rays that a perfectly colourless 
and transparent body, such as glass, does to luminous rays. It is 
perfectly diathermanous. 

One and the same substance may be diathermanous to varying 
extents for heat from different sources. Thus colourless glass 
allows the sun’s rays to pass through it with facility, but less so the 
heat emitted by a flame, or by an incandescent body, and far less, 
again, the invisible or obscure heat of a cube filled with boiling 
water, which is known as a Leslies cube (229). Water allows the 
sun’s rays to traverse it partially, but stops the obscure heat. 
Again, alum is colourless and transparent for light, but almost 
entirely athermanous for obscure rays. 

A body which is opaque for light may be diathermanous for 
certain kinds of heat. Thus, a solution of iodine in bisulphide of 
carbon is perfectly opaque for the rays of light, but is traversed by 
obscure heat-rays with facility. 

In investigating the diathermancy of bodies, Melloni used the 
thermopile and galvanometer, for a description of which we must 
refer to Book VIII., chapter xm. He first of all placed the thermo¬ 
pile at a certain distance from a source of heat, and, having observed 
the deflection of the galvanometer, he determined to what extent 
this was enfeebled by interposing various bodies, such as plates of 
glass, alum, and rock-salt. In like manner he used various sources 
of heat—for instance, the sun, an oil or spirit lamp, a red-hot spiral 
of platinum wire, a heated blackened metal plate, or a Leslie’s cube j 
and he concluded that there are different kinds of heat-rays or 
different colours of heat , with regard to which various diathermanous 
substances behave just as coloured transparent substances do in 
regard to different kinds of light. Thus, when white light traverses 
red glass, only the red rays are transmitted, all other kinds being 
absorbed. If this red light falls on another red glass, it traverses it 
without being weakened, if we neglect the portion lost by reflection ; 
but it is completely absorbed by blue glass. Similar results are met 
with in regard to the rays of heat—for instance, heat which has 
passed through a glass plate would traverse another plate without 
much loss, but would be almost completely stopped by a plate of 
alum. 



234 - Applications.—The property which bodies possess of 
absorbing, emitting, and reflecting heat meets with numerous 
applications in domestic economy and in the arts. Leslie stated 
that white bodies reflect heat very well, and absorb very little, and 
that the contrary is the case with black substances. This principle 
is not universally true, as Leslie supposed—for example, white lead 
has as great an absorbing power for non-luminous rays as lamp¬ 
black—but it holds good in regard to absorbents like cloth, cotton, 
wool, and other organic substances when exposed to luminous 
heat, such as that of the sun’s rays. Accordingly, the most suit¬ 
able coloured clothing for summer is just that which experience 
has taught us to use—namely, white, for it absorbs less of the sun’s 
rays than black clothing, and hence feels cooler. 

The polished fire-irons before a fire are cool whilst the black 
fender is often unbearably hot. if a liquid is to be kept hot as 
long as possible, it must be placed in a brightly polished metal 
vessel, for then, the emissive power being less, the cooling is 
slower. For this reason it is advantageous that the steam-pipes, 
etc., of locomotives should be kept brightly polished. 

Snow is a powerful reflector, and therefore neither absorbs nor 
emits much heat : owing to its small emissive power it protects 
from cold the ground and the plants which it covers ; and owing 
to its small absorbing power it melts but slowly during a thaw. A 
branch of a tree, a bar of metal, a stone in the midst of a mass of 
snow, accelerate the fusion by the heat they absorb, which- they 
radiate about them. 

In the Alps the mountaineers accelerate the fusion of the snow 
by covering it with earth, which increases the absorbing power. 

Metal and other cooking-vessels should be black and rough 
On the outside, for then their absorbing power is greater and they 
become heated more rapidly. If their surface be bright and 
polished, a greater quantity of fuel is required to heat them ; this 
is what is seen in vessels of silver and of white porcelain. In 
common unglazed earthenware, liquids are more rapidly heated, 
but also more rapidly cooled. 

It is observed that grapes and other fruits ripen sooner when 
they are placed close to a black wall (mortar mixed with Jamp- 
Wack). This arises from the fact that from the great absorbing 
power of the wall,-as well as from its great emissive power, it 
becomes more highly heated under the influence of the sun, artd 
gives up more heat lo the fruit. 
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Glass is used for fire-screens ; for, while it allows the cheerful 
light of the fire to pass, it stops most of the heat from this source. 
It is, however, very transparent for the heat of the sun, allowing 
almost all its light and heat to pass. 

In gardens, the use of glass shades and of greenhouses depends 
on the diathermancy of glass for heat from luminous rays, and on 
its athermancy for obscure heat. The heat which radiates from 
the sun is mainly of the former class, and penetrates the glass ; but 
by its contact with the earth is changed into obscure heat, which as 
such cannot retraverse the glass. This explains the manner m 
which greenhouses accumulate heat, and also the great warmth in 
summer of rooms with glass roofs. 

A mercury thermometer the bulb of which is blackened by being 
coated with lampblack will indicate a rise of temperature where 
an ordinary one is unaffected If one of the bulbs of a differential 
thermometer be coated with lampblack, and the other be left 
unaltered, and both be exposed to the same source of heat, the 
blackened one will show the higher temperature. 

A piece of bright tinfoil upon which the sun’s rays are brought 
to a focus by means of a lens will be fused with difficulty, or not at 
all; but if the surface is coated with lampblack, it will melt in the 
focus at once. 

A pencil of the sun’s rays, concentrated by a glass lens, and 
allowed to fall on the glass bulb of a differential thermometer, does 
not raise its temperature, for the rays which would be absorbed by 
the glass have already been cut off by the lens, and therefore the 
lays, thus sifted, pass through the bulb without action. 
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CHAPTER IV 

CONDUCTING POWER OF BODIES FOR HEAT 


235. Conducting power of solids,—In the phenomena ot 
radiation which have been considered, heat is transmitted from 
one body to another through space, without raising the tempera¬ 


ture of the medium through which it passes. Heat may also be pro¬ 
pagated through the mass of a body, from molecule to molecule. 
This interval propagation in the mass of a body is due to the conduc¬ 
tivity , or Conducting power ; and good conductors are those bodies 



which readily transmit heat in their 
mass, while those through which it 
passes with difficulty are called bad 
conductors. 

In order to compare the con¬ 
ducting power or conductivity of 
different solids, Ingenhaus con¬ 
structed the apparatus, known still 
by his name, and represented in 
fig. 253. It is a metal trough m 


which, by means of tubulures and corks, are fixed rods of the same 
dimensions, but of different materials—for instance, iron, copper, 
wood, glass. These rods extend to a slight distance in the trough, 
and the parts outside are coated with wax, which melts at 6i°. The 
box being filled with boiling water, it is observed that the wax melts 
to & certain distance on the metal rods, while on the others there 
is scarcely any trace of fusion. The conducting power is evidently 
greater in proportion as the wax has fused to a greater distance. 
By these and other experiments it has been ascertained that metals 
are the best conductors ; then—but after a long interval—marble, 
porcelain, brick, wood, glass, etc. 

Organic substances conduct heat badly. De la Rive and P* 
Candolle show that woods conduct better in the direction of their 
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fibres than tn a transverse direction, and have remarked upon 
the influence which this feeble conducting power, in a transverse 
direction, exerts in preserving a tree from sudden changes of tem¬ 
perature, enabling it to resist alike a sudden abstraction of heat from 
within, and the sudden accession of heat from without. Tyndall 
has also shown that this tendency is aided by the low conducting 
power of the bark, which is in all cases less than that of the wood. 

Cotton, wool, straw, bran, powdered gypsum, etc., are all bad 
conductors. 

236. Conducting power of liquids. Manner in which they 
are heated. —Liquids, with the exception of mercury, which is a 
metal, are all bad conductors of heat. They conduct so imperfectly 
that Rumford assumed water to be entirely destitute of conducting 
power. But the fact that water, as well as other liquids, does con¬ 
duct heat, though only to a small extent, has been established by 
the most careful and accurate experiments. 

From their small conducting power, liquids are not heated in 
the same manner as solids. If heat be applied to a solid, whether 
on the top, the 
bottom, or the 
sides, it is trans¬ 
mitted from layer 
to layer, and the 
whole mass be¬ 
comes heated. This 
is not the case with 
a liquid : if it is 
heated at the top, 
the heat is only 
propagated with ex¬ 
treme slowness, and it cannot be completely heated throughout; 
indeed, if the experiment be made as represented in fig. 354, the 
top layer of water may be heated to boiling, while at a little dis¬ 
tance there is no appreciable increase of temperature. But if it be 
heated at the bottom, the temperature of the liquid rapidly rises. 
This, however, is not owing to its conductivity, but to ascending 
and descending currents, which are produced throughout the whole 
mass of liquid. 

The existence of these currents may be demonstrated by 
Pricing in the water a powder of nearly the same density— 4 or 
instance, oak sawdust—and then gently heating the vessel at the 
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bottom (fig. 55). As the lower layers of the liquid become heated 
.they expand and rise, while the upper layers, which are colder and 

therefore denser, sink, and take 
the place of the first ; these in 
their turn become heated, rise, 
and so on, until the entire mass 
is heated. These currents are 
evident from the sawdust, which 
is seen to rise slowly in the 
centre, and to redescend near 
the edges. This mode of heating 
is said to be by convection. 

237. Conductivity of gases. 
Gases are extremely bad con- 
ductorsof heat; but this fact can¬ 
not be easily demonstrated by ex¬ 
periment, ojvmg to the extreme 
mobility of their particles For, 
so soon as they are heated in any 



Fig- 255. 


part of their mass, expansions and currents are produced, in virtue 
of which the heated parts tnmgle with the cold ones ; hence a 
general elevation of temperature, which we might be tempted to con¬ 
sider as due to conductivity, but which is really due to convection. 
When, however, gases are hindered in their motion, their con¬ 
ductivity seems extremely 
small, as shown by many 
examples in the following 
article. 

That there is a differ¬ 
ence in gases as regards 
their conductivity for heat 
may be seen from the fol¬ 
lowing experiment. A, 
and A (fig. 256) are two 
similar vessels, open at 
the bottom, standing m a 
mercury trough, one of 
them containing air and the other hydrogen. In the caps stout 
popper wires are inserted which are joined by fine platinum spiral 
wires <*j and 4 . When the wires are connected with the poles of a 
voltaic battery, ait electric current passes through the spirals. The 
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electric current, we shall afterwards see (476), has the property of 
heating a wire through which it passes, and the rise of temperature 
is higher the thinner the wire. On passing the current it will be 
found that while the spiral in air is heated to redness, the one in 
hydrogen remains quite dull. Now, the heat produced by the 
passage of the current is the same in both the wires, for they are 
exactly alike, and accordingly the difference can only be due to 
the fact that the heat is more rapidly carried away by the hydrogen 
than by the air; in other words, that hydrogen is a better con¬ 
ductor. The conductivity of air is that of silver. 

238. Applications.—The greater or less conductivity of bodies 
for heat meets with numerous applications. If a liquid is to be 
kept warm for a long time, it is placed in a vessel and packed round 
with non-conducting substances, such as shavings, straw, bruised 
charcoal. Similarly, water-pipes and pumps are wrapped in straw 
at the approach of frost. The same means are used to hinder a 
body from becoming heated. Ice is transported m summer by 
packing it in bran, or by folding it in flannel. 

Double walls constructed of thick planks having between them 
any finely divided materials, such as shavings, sawdust, dry leaves, 
etc., retain heat extremely well; they are likewise advantageous in 
hot countries, for they prevent its access. If a layer of asbestos, 
a very fibrous substance, is placed on the hand, a red-hot iron ball 
can be held without inconvenience. Red-hot iron balls can be 
wheeled to the gun’s mouth in wooden barrows partially filled with 
sand. Lava has been known to flow over a layer of ashes under¬ 
neath which was a bed of ice, and the non-conducting power of 
the ashes has prevented the ice from fusion. Snow forms a 
covering which protects seed and young gram from frost- In fire¬ 
proof safes, the hollow sides are filled with wood-ashes, or powdered 
gypsum or alum. 

The clothes which we wear are not warm in themselves; they 
only hinder the body from losing heat, in consequence of their 
spongy texture and the air they enclose. The warmth of bed¬ 
covers and 0 counterpanes is explained in a similar manner, 
double windows are frequently used in cold climates to keep a 
room warm—they do this by the non-conducting layer of air 
interposed between them. For the same reason two shirts are 
w armer than one of the same material but twice as thick. Hence, 
too, the warmth of furs, eiderdown, etc. 

That water bosh more rapidly in a metallic vessel than in one of 



porcelain of the same thickness ; that a burning piece of wood can 
be held dose to the burning part with the naked hand, while a 
piece of iron heated at one end can only be held at a great distance, 
are easily explained by reference to their various conductivities. 

The sensation of heat or cold which is experienced when we 
touch certain bodies is materially influenced by their conductivity. 
If their temperature is lower than ours, they appear colder than 
they really are, because, from their conductivity, heat passes away 
from us. on the contrary, their temperature is higher than 
that of our body, they appear warmer, from the heat which they 
give up at different parts of their mass. Hence it is clear why 
carpets, for example, are warmer than wooden floors, and why the 
latter, again, are warmer than stone floors. 

The small conducting power of felt is used in the construction 
of the Norwegian stove, which consists merely of a wooden box 
with a thick lining of felt. In the centre is a cavity in which can 
be placed a stew-pan provided with a cover. On the top of this is 
a lid, also made of felt, so that the pan is surrounded by a very 
badly conducting envelope. Meat, with water and suitable addi¬ 
tions, is placed in the pan, and the contents are then raised to 
boiling. The whole is then enclosed in the box, and left to itself; 
the cooking will go on without fire, and after the lapse of several 
hours it will be quite finished. The cooling down is very slow, 
owing to the bad conducting power of the lining ; at the end of 
three hours the temperature is usually found not to have sunk 
more than from io° to 15°. 

The closer the contact of the hand w ith a substance, the greater 
is the difference of temperature felt With smooth surfaces there 
are more points of contact than with rough ones. A hot glass rod 
feels hotter than a piece of rusted iron of the same temperature, 
although the latter is a better conductor. The closer the substance 
*s pressed the more intimate the contact; an ignited piece of 
charcoal can be lifted by the fingers, if it is not closely pressed. 
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CHAPTER V 

MEASUREMENT OF THE EXPANSION OF SOLIDS, LIQUIDS, 

AND GASES 

239. Expansion of solids. —The expansion of bodies by heat 
being’ a general effect which is experienced by all bodies, it will be 
readily understood that the determination of the amount of this 
expansion is a problem of great importance, both in its purely 
scientific and in its practical aspect. We shall first describe the 
method of determining the expansion of solids. We have already 
seen that the expansion of solids may be as regards either the 
length or the volume. Hence the investigation of the expansion of 
solids may be divided into two parts, the first relating to linear, 
and the second to cubical expansion. 

Linear expansion. In order to compare with each other the 
expansions of bodies, the elongation is taken which a certain length 
of the substance undergoes when it is heated fiom zero to i°, and 
the ratio of this elongation to the original length is called the 
coefficient of linear expansion. The coefficients of a great number 
of substances were accurately determined towards the end of the 
last century by Lavoisier and Laplace. They took a bar of the 
substance to be experimented on, placed it in melting ice, and then 
accurately measured its length. Having placed it then in a bath 
of boiling water, they again measured its length. They thus 
obtained the total expansion between zero and 100’ —that is, for an 
increase of temperature of 100 degrees. This divided by ioo, and 
by the length of the bar at zero, gave the coefficient of linear 
expansion. In this manner the following numbers were obtained : 


Coefficients of linear expansion for i° between o° and too 0 C, 


White glass 

. o'ooooo86i 

Bronze 


. 0 000018167 

Platinum 

, 0-00000884 

Brass . 


. 0-000018782 

Steel . 

. 0-00001079 

Silver . 


. 0 000019097 

bon . 

, 0-00001220 

Tin . 


. 0-000021730 

Gold . 

. 0-00001466 

Lead . 

, 

. 0-000028575 

Copper 

, 0-00001718 

Zinc , 


. 0-000029417 
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It will be seen from this table that the coefficients of expansion 
are in all cases very small. Thus, when we say that the coefficient 
of expansion of copper is 0 000017, we mean that a rod of this 
metal when heated through one degree will expand by 17 millionths 
of its length—that is to say, a rod of copper 1,000,000 feet in length 
would be longer by 17 feet when heated through one degree. 

At temperatures below zero, ice, like other bodies, is expanded 
by a rise, and is contracted by a fall in temperature. Its coefficient 
of linear expansion is O'oooo;3, or nearly twice that of lead or zinc. 
Ice is, indeed, the most expansible of all known solids. 

Cubical expansion. The coefficient of cubical expansion of a sub¬ 
stance is the ratio of the increase in volume to its original volume 
for a rise of temperature of one degree. Calculation shows that 
the coefficient of cubical expansion of a solid may with sufficient 
accuracy be taken as three times the coefficient of its linear expan¬ 
sion ; and these coefficients may therefore be obtained by multi¬ 
plying the above numbers by three. 

240. Applications of the expansion of solids. —In the arts 
we meet with numerous examples of the influence of expansion, 
(i.) The bars of furnaces must not be fitted tightly at their extremi¬ 
ties, but must be free, at least at one end, otherwise in expanding 
they would exert sufficient force to split the masonry, (ii.) In 
making railways, a small space is left between the successive rails, 
for, if they touched, the force of expansion would cause them to 
curve, or would break the chairs, (lii.) Hot-water pipes are fitted 
to one another by means of telescopic joints, which allow room for 
expansion, (iv.) If a glass is heated or cooled too rapidly—say, in 
the inside—it cracks : this arises from the fact that glass being a 
bad conductor of heat, the sides become unequally heated, and 
consequently unequally expanded, and the strain thereby produced 
may be sufficient to cause a fracture. 

When bodies have been heated to a high temperature, the force 
produced by their contraction on cooling is very considerable : it 
is equal to the force which is needed to compress or expand the 
material to the same extent by mechanical means. According to 
Barlow, a bar of malleable iron a square inch in section is stretched 
tvhw of its length by a weight of a ton ; the same increase is 
produced by a rise at temperature of about 9 ° C. A difference of 
. JftiQL between the cold of winter and the heat of summer is not 
iSifrequently experienced in this country. In that range a wrought- 
||jfnn bar teujfawfees long mid ft square inch in section will vary in 
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length by 333 of an inch, and will exert a strain, if its ends are 
securely fastened, of five tons. 

An interesting laboratory experiment, showing the great con- 
tractile force of metals, may be made with the apparatus represented 
in fig 257, which consists of a mas¬ 
sive cast-iron frame with notches 
in the uprights. A wrought non 
bar, with a screw at one end 
and a loop at the other, having 
been raised almost to a red heat, 
a short rod of cast iron is passed 
through the loop, and the bar 
placed in the frame and screwed up As the bar contracts on 
cooling, the force is so great that the short rod snaps To cool 
the bar rapidly cold water may be poured upon it 

An application of this contractile force is seen in the mode of 
securing the tyres on wheels The tyre, being made red-hot, and 
thus considerably expanded, is placed on the circumference of 
the wheel, and then cooled The tyre, when cold, clasps the wheel 
with such force as not only to secure itself on the rim, but also to 
press home the ends of the spokes into the felloes and nave 
Another inteiestmg application was made in the case of a gallery 
at the Conservatoire des Arts et Metiers in Pans, the walls of which 
had began to bulge outwards Iron bars were passed across the 
building, and screwed into plates on the outside of the walls Each 
alternate bar was then heated by means of lamps, and when the 
bar had expanded it was screwed up The bars, being then allowed 
to cool, contracted, and in doing so drew the walls together. The 
same operation was performed on the other bars 

241 Spiral thermometer.—An interesting example of the 
application of the expansion of solids is met with tn the form of a 
maximum and minimum thermometer represented in fig 258. It 
consists of a steel ribbon a yard long, rather less than half an inch 
wide, and about the twentieth of an inch thick, to which is soldered 
a brass ribbon of the same dimensions. The compound strip is 
bent in a spiral, j, the steel being outermost. One end is fixed; 
the other end, 6 , is free. At a certain definite temperature this 
end has a certain position. If the temperature nses, the brass 
expands more than the steel, and the free end is moved towards 
the left; if the temperature sinks, it moves towards die nght. 

This motion of the spiral is transmitted to two indicators, cd 
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eto&fg, on which are small pins, p and p. If the temperature rises, 
the pin p, together with its index, erf, is pushed forward until the 
maximum temperature is reached, and, as 
there is a gentle friction, remains in that 
position. If, on the contrary, the tem¬ 
perature sinks, the index fg is moved to 
the right until the lowest temperature is 
obtained. The instrument is graduated 
specially by comparing its indications 
with the corresponding temperatures 
shown by a mercurial thermometer. 

242. Compensation pendulum. — An 
important application of the expansion of 
metals has been made in the compensation 
pendulum To understand the utility of 
such an arrangement, we must call to 
mind what has been said about pendulums 
(62)—namely, that their oscillations are 
isochronous —that is, are made tn equal 
times—and that their application to the 
regulation of clocks depends upon this 
property. Hut we have also seen that the 
time of an oscillation depends on the length of the pendulum; 
the longer the pendulum, the more slowly it oscillates, and the 
shorter it is, the more rapidly does it oscillate. Hence a pendu¬ 
lum formed of a single rod terminated by a metal bob, c, as 
represented in fig. 63, could not be an exact regulator of time ; for 
a? the temperature rises it would lengthen, and the clock would go 
slower; the exact opposite would take place when it contracted 
toy cooling. These inconveniences have been remedied by taking 
the remedy from the cause of the evil. 

In fig. 259, which represents the gridiron pendulum, one of the 
forms of compensation pendulum, the ball, L, instead of being 
supported by a single rod, is suppoited by a framework consisting 
of alternate rods of steel and brass. In the figure the shaded rods 
represent steel ; including a small steel strip, h, which supports 
the whole of the apparatus, there are six of them. The other rods, 
four in number, are of brass. The rod i, which supports the ball, 
tfifoced at its upper end to a horizontal cross-piece; at its lower 
«hd it is fees, and passes through the two circular holes in the 
?fewer horizontal cross-pieces. 
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New, from the manner in which the vertical rods are fb*d to 
the cross-pieces, it is easy to see that the elongation of th£ steel 
rods can only take place downwards, 
and that of the brass rods upwards. 

Consequently, in order that the pendu¬ 
lum may remain of the same length, 
it is necessary that the elongation of 
the brass rods shall tend to make the 
ball rise, by exactly the same distance 
that the elongation of the steel rods 
tends to lowei it ; a result which is 
attained when the sum of the lengths 
of the steel rods A is to the sum of 
the lengths of the brass rods B in the 
inverse ratio of the coefficients of ex¬ 
pansion of steel and brass, a and b ; 
that is, when A : B =■ b : a. 

243. Absolute and apparent ex¬ 
pansion. —We have already seen that 
liquids are more expansible than solids 
< v a\y'), vs 

feebler cohesion ; but their expansi¬ 
bility is far less regular, and the less 
so the nearer their temperature ap¬ 
proaches the boiling-point. 

In solids, two kinds of expansion 
have to be considered, the linear and 
the cubical. Now, it is clear that the 
latter is the only kind of expansion 
which can be observed in the case of 
liquids. The expansion may be either 
real or apparent. The former is the 
real increase in volume which a liquid experiences when it > s 
heated ; while the latter is that which the eye actually obsC rves— 
that produced in the vessel containing the liquid. Thus, in 
thermometers, when the liquid expands and rises in the stem, 
the apparent expansion is observed, which is less than the rea i or 
absolute expansion. For, while the mercury expands, the 
the thermometer does so too : its volume is greater, and hetfo* the 
liquid does not rise so high in the stem as it would if the volume 
of the bulb were rigidly unaltered. 
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Jf a bulb of thin glass (fig. 260), provided with a narrow stem, 
Containing some coloured liquid, be immersed in a beaker of hot 
water, a, the column of liquid in the stem at first sinks from the mark 
C’,at which it originally stood, to the mark C, but then immediately 
after rises,and continues to do so until the liquid inside has the same 
temperature as the hot water. The first sinking of the liquid is 

not due to its contraction ; it arises 
from the expansion of the glass, 
which becomes heated before the 
heat can reach the liquid ; but the 
expansion of the liquid soon exceeds 
that of the glass, and the liquid 
then ascends. 

Hence, since, whatever be the 
nature of the material in which a 
liquid is contained, it has some 
expansibility, and always expands 
with the liquid, the apparent ex¬ 
pansion is the only one directly 
observed in liquids. 

The coefficient of expansion of 
a liquid is the increase which a 
unit volume experiences for a rise 
in temperature of one degree. The 
coefficient varies greatly with dif¬ 
ferent liquids. In a glass vessel 
the apparent expansion of mercury 
is 1 -5 part in ten thousand; that 
of water is 4-6 parts—that is, three 
times as great ; alcohol is still more expansible, for its coefficient 
is lift parts in ten thousand, or a little over 1 part in a thousand. 

244. Ma ximum density of water. —Water presents the remark¬ 
able phenomenon that as its temperature sinks to 4 0 it contracts ; 
but from that point, although the cooling continues, it expands 
until the freezing-point is reached, so that 4 0 represents the point 
af greatest contraction of water, or what is called its point of 
Maximum density. 

These phenomena may be observed by comparing a water 
-thermometer—one, that is to say, filled with water—with one 
of mercury; both being exposed to a temperature gradually 
diminishing. •• ■;& 

* ' ■ ? . ,-Vs 
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Hope used the following method to determine the maximum 
density of water. He took a deep vessel with two apertures in the 
side, in which he fixed thermo¬ 
meters (fig. 261), and having 
filled the vessel with water at 
o°, he placed it in a room at a 
temperature of 15° As the 
layers of liquid at the sides of 
the vessel became heated, they 
sank to the bottom, and the 
lower thermometer marked 4 0 , 
while that of the upper one was 
still at zero. Hope then made 
the inverse experiment: having 
filled the vessel with water at 
15'“, he placed it in a room at 
zero. The lower thermometer, 
having sunk to 4 0 , remained 
stationary for some time, while 
the upper one cooled down until 
it reached zero. Both these ex- F >s- *'■ 

periments prove that water is 

heavier at 4° than at o°, for in both cases it sinks to the lower part 
of the vessel. This experiment may be adapted for lecture illustra¬ 
tion by using a cylinder containing water at 15° C., with its central 
part surrounded by a jacket containing bruised ice (fig- 261). 

This may also be illustrated in a simple and interesting manner 
by means of a specific gravity bulb (fig. 262), which in this case is 
so adjusted that it exactly floats in water of about 3 0 C. 

Such a bulb will sink if placed in a vessel containing 
water at o° ; but when that water is placed in a warm 
room its temperature gradually rises, and when it is 
about 3 0 the bulb rises to the top of the liquid ; the 
temperature continuing to rise, when it is at about 9 0 
the bulb again sinks to the bottom. F ; g , ^ 

The phenomenon of the maximum density of water 
>s of great importance in the economy of nature. In winter the 
temperature of lakes and rivers falls, from being in contact with 
the cold air, and from other causes, such as radiation. The colder 
water sinks to the bottom, and a continual succession erf currents 
is formed, until the whole has a temperature of 4° rbe cooling 





Oa the surface still continues, bat the cooled layers, being lighter, 
remain oa the surface, and ultimately freeze, the water below the 
fee increasing in temperature from o° to 4 0 . The ice thus formed 
protects the water below, the bulk of which remains at a tem¬ 
perature of 4 0 , even in the most severe winters, a temperature at 
which fish and other inhabitants of the water are not destroyed. 

EXPANSION OF GASES 

245. Value of the coefficient of expansion of gases.— Not 
merely are gases the most expansible of all bodies, but their ex¬ 
pansion is the most regular. It was originally assumed, on the basis 
of Gay-Lussac’s experiments, that all gases expanded to the same 
extent for the same increase of temperature — that is, that they 
had all the same coefficient of expansion. It has, however, been 
established that the coefficients of various gases do present slight 
differences. They are, however, so slight that for ordinary practical 
purposes they may be assumed to be the same—that is to say, 
*00367, or 367 parts in 100,000 ; or, in other words, 100,000 Volumes 
of air, or any other gas, when heated from o” to i° Centigrade, 
would become 100,367 volumes, or 273 volumes would become 274. 
This expansibility is about 9 times as great as that of water. 

246. Effects of the expansion of gases—The expansion of 
gases affords us numerous important applications, not merely in 
domestic economy, but also in atmospheric phenomena. Thus in 

our dwellings, when the air is heated and 
vitiated by the presence of a great number 
of persons, it expands and rises, in virtue 
of its diminished density, to the highest 
parts of rooms; and, to allow this to 
escape, apertures are made in the cornice, 
while fresh and pure air enters by the 
joints of the doors and of the windows. 

When, in winter, the door of a warm 
room is put ajar, and a lighted candle held 
near the top, c {fig. 263), the direction of 
the flame proves the existence of a current 
£%, *63. of warm air from the inside to the outside. 

, If we lower the flame, it will be found that 
at about the middle, b, it is not affected by any air-current* but 
fjhat lower down, near the ground, a, the flame is driven inwards. 

In theatres the spectators its the galleries ate exposed to the 
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highest temperature and the most impure air, while those near the 
orchestra breathe in a purer air. 

Draughts in chimneys are due to the expansion of air. Heated 
by the fire in the grate, the air rises in the chimney with a velocity 
which is greater the more it is expanded. Hence results a rapid 
current of air, which supports and quickens the combustion by 
constantly replacing the oxygen absorbed. This draught is stronger 
the colder the outer air, the stronger the fire, and the taller the 
column of hot air—that is, the higher the chimney. 

The expansion and contraction of air have a fortunate influence 
on the temperature of that part of the atmosphere in which we 
live. For when the ground is strongly heated by the sun’s burning 
rays, the layers of air in immediate contact with it tend to acquire 
the same temperature and to form a stifling atmosphere : but these 
layers, gradually expanding, rise from their lessened density; 
while the higher layers, which are colder and denser, gradually 
replace them. The high temperature which would otherwise be 
produced in the lower regions is thereby moderated, and is thus 
kept within the limits which plants and animals can support. 

The expansion and contraction pioduced in the atmosphere 
over a large tract of country are the cause of all winds, front the 
lightest zephyr to the most violent hurricane. These winds v which 
at times are so destructive, so capricious in their direction, and so 
variable in their strength, not merely have the effect of mixing the 
heated and the cooler part of the atmosphere, and of thus mode¬ 
rating extremes of temperature, but by driving away the vitiated 
atmosphere of our towns, and replacing it by pure air, they are one 
of the principal causes of salubrity ; without them our cities would 
be the centres of infection, where epidemic diseases of all kinds 
would be permanent. Without winds, clouds would remain motion¬ 
less over the country where they were formed, neither rivers nor 
brooks would moisten the soil, and the greater part of the globe 
would be condemned to absolute dryness. But, carried by the 
"inds, the clouds formed above the seas are transported to the 
centres of continents, where they condense and fall as rain ; and 
this, having fertilised the soil, gives rise to the numerous rivers 
which fall into the ocean, thereby establishing a continuous circu¬ 
lation from the seas towards the continents, and from continents 
towards seas. 

247 - Density of gases. —The specific gravities of solids and of 
liquids have been determined in reference to water (rti); those of 



gases by Comparison with air—that is, having taken as a term of 
Comparison, or unity, the weight of a certain volume of air, the 
Weights of the same volume of other gases are determined. But 
as gases are very compressible and expansible, and as, therefore, 
their specific gravities may greatly vary, they must be reduced to a 
definite pressure and temperature. This is why the temperature 
of aero and the pressure of 30 inches have been chosen. 

Hence the relative density of a gas, or its specific gravity, is the 
relation of the weight of a certain volume of the gas to that of the 
same volume of air; both the gas and the air being at zero, and 
under a pressure of 30 inches. 

In order, therefore, to find the specific gravity of a gas—oxygen, 
for instance—it is necessary to determine the weight of a certain 
volume of this gas, at a pressure of 30 inches and a temperature of 
zero, and then the weight of the same volume of air under the same 
conditions. For this purpose a large globe of about two gallons 
capacity is used, like that represented in fig. 117, the neck of which 
is provided with a stopcock, which can be screwed to the air-pump. 
The globe is first weighed empty, and then full of air, and after¬ 
wards full of the gas in question. The weights of the gas and of 
the air are obtained by subtracting the weight of the exhausted 
globe from the weights of the globe filled, respectively, with air 
and gas. The quotient obtained by dividing the latter by the 
former gives the specific gravity of the gas. It is difficult to make 
these determinations at the same temperature and pressure, and 
therefore all the weights are reduced by calculation to zero, and the 
standard pressure of 30 inches. 


In this manner the 

following densities have been found : — 

Air 

I'OOOO 

Nitrogen 

09714 

Hydrogen 

0-0692 

Oxygen 

1-1056 

Marsh gas 

0-5590 

Carbonic acid 

1-5290 

Ammonia 

0-5887 

Sulphurous acid . 

2-2474 

Carbonic oxide 

0-9670 

Chlorine 

2*4400 


It appears from these numbers that the lightest of gases, and 
therefore of all bodies, is hydrogen, whose density is less than pf 
that of air. 
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CHAPTER VI 

CHANGES OF STATE OF BODIES BY THE ACTION OF HEAT 

248. Fusion. —In treating of the general effects of heat, we 
have seen that its action is not only to expand bodies, but to cause 
them to pass from the solid to the liquid state, or from the latter 
state to the former, according as the temperature rises or falls ; 
and from the liquid to the aeriform state, or conversely. These 
various changes of state we shall now investigate under the name 
of fusion or milting , solidification, vaporisation, and liquefaction. 

Fusion, or melting, is the passage of a solid body to the liquid 
state by the action of heat. This phenomenon is produced when 
the force of cohesion which unites the molecules is sufficiently 
weakened j but as the cohesive force varies in different substances, 
the temperature at which bodies melt does so likewise. For some 
substances this temperature is very low, and for others very high, 
as the following table shows :— 


Melting-points of certain substances 


Mercury 

-38-8° 

Bismuth 

. 269° 

Bromine 

—12 

Cadmium 

321 

Ice 

, 0 

I.ead . 

328 

Rape oil 

+ 1 

Zinc 

■ 419 

Butter. 

+ 33 

Antimony . 

45 ° 

Phosphorus 

44 

Aluminium . 

655 

Potassium . 

55 

Silver . 

• 955 

Stearine 

60 

Gold . 

1060 

White wax . 

65 

Iron—cast . 

1150 

Sodium 

90 

„ wrought 

1600 

Sulphur 

114 

Platinum 

■ 1775 

Tin 

. 232 

Iridium 

• 195 ° 

Some substances, however, 

such as paper, wood, 

wool, and 

certain salts, do not fuse at a 

high temperature, but are decom- 


posed. Many bodies have long been considered refractory —that is, 
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incapable of fusion; but, in the degree in which it has been possible 
to produce higher temperatures, their number has diminished. 
Gaudin succeeded in fusing rock crystal by means of a lamp fed 
by a jet of oxygen ; and Despretz, by combining the effects of the 
sun, the voltaic battery, and the oxyhydrogen blowpipe, melted 
alumina and magnesia, and softened carbon so that it was flexible, 
which is a condition near that of fusion. By means of the electric 
furnace, alumina and other earths are readily brought to the 
liquid condition. 

Some substances pass from the solid to the liquid state without 
showing any definite melting-pomt—for example, glass and iron 
become gradually softer and softer when heated, and pass by 
imperceptible stages from the solid to the liquid condition. This 
intermediate condition is spoken of as the state of vitreous fusion. 
Such substances may be said to begin to melt at the lowest 

temperature at which perceptible 
softening occurs, and to be fully 
melted when the further elevation 
of temperature does not make them 
more fluid , but only approximate 
temperatures ran be given as those 
of their true melting-points. 

The determination of the melt¬ 
ing point of a body is a matter of 
considerable importance in fixing 
the identity of many chemical com¬ 
pounds, and is, moreover, an opera¬ 
tion frequently necessary in deter¬ 
mining the commercial value of 
tallow and other fats. 

In the case of a substance like 
tallow, the operation is as follows : 
A portion of the substance is 
melted in a watch-glass, and a 
small quantity of it sucked into a 
fine capillary tube, which is then 
placed in a bath of clear water (fig. 
264) attached to a thermometer, 
and the temperature of the bath is gradually raised until the sub 
|$M$iCe ceases to be opaque, that is, is completely melted, and the 
ftMapesature. « which this occurs is noted. The bath is then 






-880} Laws of Fusion 287 

allowed to cool, and the solidifying-pomt noted, and the mean of 
the two is taken as the true melting-point. 

249. Laws of fusion. —It has been found by experiment that 
the fusion or melting of bodies is governed by the two following 
laws:— 

I. Every substance begins to fuse at a certain temperature\ which 
is invariable for one and the same substance if the pressure be 
constant 

II. Whatever be the temperature of the source of heat, from the 
moment fusion commences the temperature of the body ceases to nse, 
and remains constant until the fusion is complete 

For instance, the melting-point of ice is zero, and a piece of this 
substance exposed to the sun’s lays, or placed in front of a fipe 
or over a lamp, could never be heated beyond this temperature. 
Exposure to a stronger heat would only hasten the fusion : the 
temperature would remain at zero until the whole of the ice was 
melted 

Alloys are generally more fusible than any of the metals of 
which they are composed—for instance, an alloy of 5 parts of tin 
and 1 of lead fuses at 194° The alloy known as Rose's fusible 
metal, which consists of 4 parts of bismuth, 1 part of lead, and 

1 of tin, melts at 94° ; and an alloy of 1 or 2 pans of cadmium with 

2 paits of tin, 4 parts of lead, and 7 or 8 parts of bismuth, known 
as Wood’s fusible metal, melts between 66° and 71° C Fusible 
alloys are of extended use in soldering and m taking casts 

A mixture of the chlorides of potassium and of sodium fuses at 
a lower tcmpeiature than either of its constituents , the same is 
the case with a mixture of the carbonates of potassium and sodium, 
especially when they are mixed m the proportion of their chemical 
equivalents. 

An important application of this property is met with in the case 
of fluxes, which are much used in metallurgical operations They 
consist of substances which, when added to an ore, partly, by their 
chemical action, help the reduction of the substance to the metallic 
state, and partly, by presenting a readily fusible medium, hasten the 
agglomeration of the particles, and thus promote the formation ot 
a regulus or mass of pure metal , 

250. Latent heat— Since, during the passage of a body from 
the solid to the liquid state, the temperature remains constant until 
the fusion is complete, whatever be the intensity of the source of 
heat, it must be concluded that in changing their condition, bodies 



On Heat Jtt*. 

absorb |t considerable .amount of heat, the only effect of w wh i« 
to maintain them in the liquid state. This heat, which is yj. 
Cited by the thermometer, is called latent heat or latent fa a ( 0 f 
fusion, an expression which, though not in strict accordance wfth 
modem ideas, is convenient from the fact of its universal rgcoguj. 
tion and employment. 

An idea of what is meant by latent heat may be obtained from 
the following experiment. If a pound of water at 8o° is mix^d with 
a pound of water at zero, the temperature of the mixture jg 
But if a pound of ice at zero is mixed with a pound of wa ter 
at 8o°, the ice melts, and two pounds of water at z* ro are 
obtained. The pound of ice at zero is changed into a po un d of 
water also at zero; but as the hot water is also lowered to this tem¬ 
perature, what has become of the 80 units of heat it pos^ esse( ] ? 
They exist in the water which results from the ice ; their effect has 
been to increase neither its temperature nor its volume, but simply 
to impart fluidity to it. Consequently, the mere change of a pound 
of ice to a pound of water at the same temperature requires a$ much 
Beat as will raise a pound of water through 8o°. This quantity D f 
heat represents the latent heat of the fusion of ice , or the latent 
heat of water. The term unit of heat employed above me^ ns t h e 
quantity of heat required to raise the temperature off a po\, nt j 0 f 
■water by i®, or the heat given up by a pound of water m Cooling 
through i°. 

Every substance m melting absorbs a certain amount of heat, 
which, however, varies materially with different substances. Thus 
the latent heat of fusion for phosphorus is 5, for sulphur 9, aj,d f or 
sodium nitrate 63 ; that is, as much heat is required to melt a pound 
Of this salt at its melting point as would raise 63 pounds of water 
through i°. 

The enormous quantity of heat absorbed by ice and sq ow j n 
melting explains how it is that so long a time is required tp melt 
them when thaw sets in. And, conversely, it is owing to the latent 
heat of water that, even when its temperature has been reduced to 
aero, so long a time is required before it is entirely frozen. 

f Were it not for the great amount of heat which] mq s t be 
absorbed by snow or ice m melting, we should, on a| change 
from frost to mild weather, be liable to the most destructive 
foods owiiqf 'fo the sudden melting of the accumulated snow 
and ice. ' 

gfcfc foMdiflcafon ,—Those substances which are liquefied by 
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beat revert to the solid state on cooling, and this passage from the 
liquid to the solid state is called solidification. 

In all cases the phenomenon is subject to the two following 
laws :— 

I. Every substance under the same pressure solidifies at a fixed 
temperature which is the same as that of fusion. 

II. From the commencement to the end of the solidification, the 
temperature of the substance remains constant. 

Thus, if lead begins to melt at 328° melted lead, in like manner, 
when cooled down, begins to solidify at 328°. Moreover, until it is 
completely solidified, the temperature remains constant at 335°. 
This arises from the fact that the liquid metal, m proportion as it 
solidifies, restores the heat it had absorbed in being melted. The 
same phenomenon is observed whenever a liquid solidifies. 

Pure water freezes at zero ; olive and rape oils at — 6° ; linseed 
and nut oils at — 27 0 ; bisulphide of carbon at - 116° ; ether and 
alcohol at about - 130“ 

If water contains salts or other foreign bodies, its freezing- 
point is lowered. Sea water freezes at - 2-5° to - 3 0 C. ; the ice 
which forms is quite pure, and a saturated solution remains. In 
Finland advantage is taken of this property to concentrate sea 
water for the purpose of extracting salt from it. If water contains 
alcohol, precisely analogous phenomena are observed ; the ice 
formed is pure, and, practically, all the alcohol is contained in the 
residue. 

If kept quite still, water may be cooled below zero without solidi¬ 
fying. A drop of water on a surface which it does not moisten, 
such as velvet, may be thus cooled, but when touched by the point 
of a pin it at once freezes. 

Water presents the remarkable phenomenon that when it solidi¬ 
fies and forms ice its volume undergoes a material increase. In 
speaking of the maximum density of water we have already seen 
that, on cooling, it expands from 4 degrees to zero ; it further 
expands at the moment of solidifying, or contracts on melting by 
about 10 per cent. One volume of ice at o° gives 0 908 of water 
at o°, or 1 volume of water at 0° gives rioa of ice at the same 
temperature. 

The increase of volume in the formation of ice is accompanied 
by an expansive force which sometimes produces powerful mecha¬ 
nical effects, of which the bursting of waterpipes and the breaking 
of jugs and bottles containing water are familiar examples. The 

V 
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IgiitttBg of stones and rocks and the swelling tip of moist ground 
during frost are caused by the fact that 'water penetrates into 
“the pores and there becomes frozen. The bursting of water* 
pipes takes place during actual frost, but the solid ice usually 
doses the crack and prevents any escape of water, and the ill 
effects only show themselves when the thaw has set in and the ice 
is melted. 

The expansive force of ice was strikingly shown by some 
'experiments of Major Williams in Canada. Having quite filled 
a t3-inch iron bomb-shell with water, he firmly closed the touch- 
hole with an iron plug weighing 3 pounds, and exposed it in this 
state to the frost. After some time the iron plug was forced out 
with a loud explosion, and thrown to a distance of 415 feeq the 
_ shell was cracked, and a mass of ice pro- 

jected from the crack, as shown in fig. 265. 

From the expansion which water under- 
goes in freezing, it is obvious that ice must 
be less dense than water ; and this, in fact, 
j s t jje case, for ice floats on the surface of 
Fig. 265. the water. In the polar seas, where the 

temperature is always very low, masses of floating ice are met 
with which are called ice-fields. They rise out of the sea to a 
height of as much as 4 or 5 yards, and are immersed to a depth 
of at least eleven times as much, and they frequently extend over 
an area of 40 miles. True mountains of ice, or icebergs , are found 
■floating on those seas ; they have not the same area, but attain 
very great heights. One measured in Melville Bay was 315 feet 
in height, and three-quarters of a mile m length. They are not 
produced on the sea, but are the tails of glaciers formed on the 
-land, and broken off as the glacier descends towards the sea. 

Cast iron, bismuth, and antimony expand on solidifying, like 
water, and can thus be used for casting ; but gold, silver, and copper 
contract, and hence coins of these metals cannot be cast, but must 


be stamped with a die. 

252. Crystallisation. —When bodies pass slowly from the liquid 
to the solid state, their molecules, instead of becoming grouped in 
a Confused manner, generally acquire a regular order and arrange¬ 
ment, in virtue of which these bodies assume the geometrical 
shape*, of cubes, pyramids, and prisms, etc., which are perfectly 
definli^ijand are known as crystals. Flakes of snow, when looked 
•at under the microscope (305), ice in the process of formation, 
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sugar candy, rock crystal, alum, nitre, common salt, and many 
Other substances, afford well-known instances of crystallisation. 

Two methods are in use for crystallising substances', the dry 
way and the moist way. By the first method bodies are melted by 
heat and then allowed to cool slowly. The vessel in which the 
operation is performed becomes lined with crystals, which are made 
apparent by inverting the vessel and pouring out the excess of 
liquid before the whole of it is solidified. Sulphur, bismuth, and 
many other metals are thus easily crystallised. The second method 
consists in dissolving in hot water the substance to be crystallised, 
so as to form a saturated solution (253), which is then allowed to cool 
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slowly. The body is thereby deposited on the sides of vessels in 
crystals, which are larger and better shaped the more slowly the 
crystallisation is effected. In this manner sugar candy and salts 
are crystallised. Fig. 266 represents a mass of crystals of alum 
obtained in this way. 

253. Solution.—A body is said to dissolve when it becomes 
liquid m consequence or an attraction between its molecules and 
those of a liquid in which it is placed and which is thus called its 
solvent. Gum arabic, sugar, and most salts dissolve in water. 
Beeswax does not dissolve in water, but does so in turpentine. 
The weight'that can be dissolved generally increases with the 
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temperature, as is seen from the following table, which gi ves ^ 
solubilities of the salts dissolved for the temperatures given 


Temperature 

Common 

Salt 

Nitre 

Potassium 

Chloride 

1 

Copper 

Sulphate 

1 Celtic 

| “Shate 

°: 

35 

! 3 

! 29 

32 

! >15 

20 

37 

21 

1 35 

42 

*61 

100 ° 

39 

247 

' _ 56 

203 

! ^54 


When a liquid has dissolved as much as it can at a particular 
temperature, it is said to be saturated. 

During solution, as well as during fusion, a certain qua^ tlt y 0 f 
heat always becomes latent, and hence it is that the solut» on G f a 
substance usually produces a diminution of temperature. j n cer . 
tain cases, however, instead of the temperature being low ere( j lt 
actually rises, as when caustic potash is dissolved in water, -phis 
depends upon the fact that during the solution of a solid m ;i ),q U1 d 
two simultaneous and contrary phenomena are occurring. T} le f irst 
is the passage from the solid to the liquid condition, which a ] ways 
lowers the temperature. Tlie second is the chemical comh lnatlon 
of the bodv dissolved with the liquid. which, as in the 0 f 
all chemical combinations, produces an increase of tempe ratuie 
Consequently, as the one or the other of these effects predom i|nates 
or as they are equal, the temperature either rises or su,^ or 
remains constant. 

254. Freezing mixtures.—The absorption of heat in tl, e p as . 
sage of bodies from the solid to the liquid state has been i Jse( j to 
produce artificial cold. This is effected by mixing together bodies 
which have an affinity for each other, and of which one at J eas t 1S 
solid, such as water and a salt, ice and a salt, or an acid an( j a 
salt. Chemical affinity accelerates the fusion ; the portion w jjj c h 
melts robs the rest of the mixture of a large quantity of Sb nsi ble 
heat, which thus becomes latent. In many cases a very co flslc j er _ 
able diminution of temperature is produced. 

If the substances taken be themselves first previously CO oled 
down, a still more considerable diminution of temperat^,^ 1S 
occasioned. 

Freezing mixtures are frequently used in chemistry, in Physics, 
add in domestic economy. The best effect is obtained when p re tty 
large tfShntities, t or 3 pounds, of the mixture are used, and w fren 
they are intimately mixed. 
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One form of the portable ice-making machines which have 
come into use of late years is represented in fig. 267. In this 
ice is made by the great cold produced by the solution of ammonium 
nitrate in water. In a metal cylinder, A, a hollow cone, B, of 
thin metal plate is so fixed as to divide the 
interior of A into two parts : the cone B 
open at the top, and the ring-shaped space 
P surrounding it, and open at the bottom. A 
The water to be frozen is placed in B to 
about i its height; an india rubber ring is 
placed on it, and then a wooden cover which 
can be screwed tightly down. B being thus 
closed, the space P is about half filled with 
ammonium nitrate, and water added until 
the space is nearly full. P having been closed 
by a cover similar to that of B, the whole 
apparatus is rotated for 8 or 10 minutes on its axis. There is then 
formed in B a hollow cone of transparent ice, in the centre of which 
there is usually some water. Instead of placing water in B, mix¬ 
tures of suitably flavoured creams and the like may be placed, and 
are frozen with equal facility. 

The salt can be obtained again by evaporating the solution, 
and thus the process can be repeated over and over again with the 
same materials. 

A mixture of sodium sulphate or Glauber’s salt and hydrochloric 
acid produces also a great degree of cold ; but, as a chemical de¬ 
composition takes place here, the mixture can only be used once. 
The greatest lowering of temperature is produced by taking two 
solids which by their mixture produce a liquid. Thus, a mixture 
of 1 pound of common salt with 3 pounds of snow or coarsely 
powdered ice reduces the temperature to — 20° C. 

One of the most useful materials for freezing mixtures is 
crystallised calcium chloride ; when this is mixed w'ith snow' in the 
proportion of 10 parts of salt to 7 parts of snow, a temperature of 
— 42° C. is obtainable. By heating the solution thereby produced, 
and evaporating until the temperature reaches 129 0 , and then allow¬ 
ing it to cool, stirring all the time, the salt is reproduced in the 
solid form in the state of a fine crystalline meal, which can be used 
again for fresh operations. 
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FORMATION OF VAPOURS. MEASUREMENT OF THEIR 
ELASTIC FORCE 

255. Vapour.—We have already seen (118) that vapours are 
the aeriform fluids into which liquids such as ether, alcohol, water, 
and mercury are changed by the action of heat 

As regards the property of disengaging \apoui, liquids are 
divided into two classes —volatile liquids and fixed liquids The 
first are those which have a tendency to pass into the state of 
vapour at the ordinary or e\en at lower temperatures , such, for 
instance, are water, ethei, chloroform, and alcohol, which disappear 
more or less rapidly when exposed to the air in open vessels To this 
dass belongs a numerous family of liquids met with m nature, 
such as essence of turpentine, oil of lemons, of lavendei, pf thyme, 
of roses, etc., which are known as the essential oils 

Fixed liquids, on the contrary, are those which emit no vapour 
at any temperature , such, for instance, are the fatly oils, as olive, 
rape, etc. When strongly heated, these oils are decomposed, and 
give rise to gaseous products ; but they do not emit vapours of the 
same nature as their own There are some of them which are 
fenown as drying oils, that become thicker in the air , but this is 
in consequence of their having absorbed oxygen, and so under¬ 
gone a chemical change, and not in consequence of evaporation. 

Some substances, even in the solid state, form vapour Ice is 
an instance of this, as is seen m dry cold winters, where the snow 
and ice quite disappear from the ground, without there having been 
any melting. Iodine, camphor, odoriferous solids in general, and 
the positive carbon in the electric arc (511), present the same phe¬ 
nomenon. Bodies which by the action of heat pass directly from 
the solid state to that of vapour are said to sublime, and this process 
is called sublimation. 

The vapours of most colourless liquids are colourless also, and 
therefore invisible What, in ordinary life, we speak of as steam 



% vapour—the breath from our mouths in winter, the cloud over 
boiling water, and the like—is no longer steam or vapour, but is 
vapour which has been condensed into small spherules of liquid, 
and which then remains suspended in the air, but afterwards dis^ 
appears, forming invisible water gas. 

256. Elastic force of vapour.—Vapours formed on the surface 
of a liquid are disengaged m virtue of their elastic force ; but this 
pressure is generally far lower than that of the atmosphere, and 
hence liquids exposed to the air only evaporate slowly. 

The following experiment renders evident the elastic force or 
pressure of vapour. A bent glass tube has the shorter limb closed 
(fig. 268) ; this branch and part of 
the longer are filled with mercury. 

A drop of ether is then passed into 
the closed leg, which, in virtue of 
its lowei density, rises to the top 
of the tube at B. The tube thus 
arranged is immersed in a vessel 
of water at a temperature of about 
45°. The mercury then sinks 
slowly in the short branch, and 
the space AB is filled, with the 
exception of a small quantity of 
liquid ether at A, with a gas 
which has all the appearance of air 
This gas or aeriform fluid is nothing 
but the vapour of ether, whose 
elastic force counterbalances not 
only the pressure of the column of 
mercury, CA, but -also the atmo¬ 
spheric pressure exerted at C. 

If the w'ater m the vessel be 
cooled, or if the tube be withdiawn, 
the mercury gradually rises in the 
short leg, and the liquid ether 
which seemed almost to have dis¬ 
appeared increases. If, on the 
contrary, the water in which the 
tube is immersed be still more heated, the drop diminishes and 
the mercury sinks further in the short leg ; thus showing that 
fresh vapours are formed, and that the elastic force increases. Thfs 
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increase of pressure with the temperature continues as long as any 
liquid remains to be vaporised. 

The crackling of wood in fires is due to the increased pressure 
Of the vapours and gases formed m the pores of the wood during 
Combustion. In roasting chestnuts it is usual to slit the outer skin, 
So as to allow the vapour formed to escape, for otherwise it might 
acquire such an elastic force as to burst the chestnut and scatter 
the particles far and wide 

257. Formation of a vapour in a vacuum.—In the previous 
experiment the liquid changed very slowly into the state of vapoui ; 

this is also the case when 
a liquid is freely exposed 
to the air In both cases 
the atmosphere is an ob¬ 
stacle to the vaporisation. 
In a vacuum there is no 
resistance, and the forma¬ 
tion 6f vapours is instan¬ 
taneous, as is seen m 
the following experiment. 
Four barometer tubes, 
filled with mercury, ate 
imrnei sed side by side in 
the same trough (fig 269). 
One of them, A, serves as 
a barometer—that is, only 
contains dry meicury— 
and a few drops of water, 
alcohol, and ether are re¬ 
spectively introduced into 
the tubes B, C, D. When 
the liquids reach the 
vacuum a depression of 
the mercury is at once 
produced. But this de¬ 
pression cannot be produced by the weight of a liquid, for it is but 
a very small fraction of the weight of the displaced mercury. 
Hence, in the case of each liquid, some vapour must have been 
formed whose elastic force has depressed the mercurial column, 
and as the depression is greater in the tube D than in the tube C, 
and greater in this than in the tube B, it is concluded that, for the 
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same temperature, the elastic force of ether is greater than that of 
alcohol vapour, and that this in turn has a greater elastic force 
than water vapour. If the depression be measured by means of a 
graduated scale, it will be found that, at a temperature of 20°, the 
elastic force of ether is twenty-five times as great as that of water, 
and that of alcohol almost four times as great. From these 
experiments we conclude that:— 

I. In a vacuum all volatile liquids are at once converted into 
vapour. 

II. At the same temperature the vapours of different liquids 
have different elastic forces. 

When petroleum is gradually raised in temperature by being 
placed on a water bath, a point is reached at which the vapour 
ignites when a light is brought over the liquid. This is called the 
flash-point ; its determination is a matter of great practical import¬ 
ance. Most of the accidents due to petroleum are caused by oils of 
low flash-point. The lowest limit at present is 73 0 F.; it is con¬ 
sidered that if the flash-point were raised to 100° F. fires resulting 
from accidents with petroleum lamps would practically cease. 

258. Limit to the formation and to the pressure of vapour. 
Saturated space.—The quantity of vapour which can be formed 
in a given space, whethei at the ordinaly or at higher temperatures, 
is always limited—foi instance, in the above experiment, the de¬ 
pression of mercury in each tube, B, C, 1 ) ffig. 269), is not stopped 
for want of liquid which might form fresh vapour, for care is taken 
always to add so nuu h that a slight excess remains unvaporised. 
Thus, in the tube L), enough ethei is left; yet we might-wait weeks 
and years, and if the temperatuie did not increase, we should 
always see a portion of liquid in the tube, and the level of the 
mercury remain stationary. This shows that no new vapour can 
be formed in the tube, and at the same time that the elastic force 
of the vapour which is there cannot increase, which is expressed 
by saying that it has attained its maximum pressure. 

When a gn en spare has acquired all the v apour which it can 
contain at a fixed temperature, it is said to be saturated. For 
instance, if in a bottle full of dry air a little water be placed, and 
the vessel be hermetically closed, part of the water will evaporate 
slowly, until the elastic force of the vapour formed holds in equi¬ 
librium the expansive force of that which still tends to form ; the 
formation of vapour then ceases, and the space is saturated. 

2 59. The quantity of vapour which saturates a given space is 
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tteawm whether this is vacuous or contains air.-—For the same 
temperature the quantity of vapour necessary to saturate a given 
space is proportional to the pressure, and is the same whether 
the space is quite vacuous or contains air or any other gas. 
This may be shown by the experiment represented in fig. 270. 
A is a stout bottle which has been filled with dry air ; it is 
connected by means of a flexible india rubber tube with a mercury 
manometer. In A is a thin glass bulb containing water or any 
other volatile liquid. When this is broken by shaking A, the 
liquid volatilises, and by its elastic force depresses the mercurial 
column. If the position of this column be read off before and 
after the experiment, the difference measures the vapour-pressure 
of the liquid, and this is found to be the same as if the experiment 

had been made with the 
same liquid with the appa¬ 
ratus of fig. 269, provided the 
temperature be the same. 
The difference between eva¬ 
poration in air and in a 
vacuum is that m the former 
vase the evaporation only 
takes place slowly, while in 
the second case it is instan¬ 
taneous Vet, foi the same 
space, whethei it be vacuous 
or full of air, the quantity of 
vapour formed which corre¬ 
sponds to the state of satura¬ 
tion varies with the tem¬ 
perature. The higher the 
temperature, the greater is 
the quantity of vapour , on 
the other hand, the lower 
the temperature, the less is 
the quantity required to saturate a given space. 

The quantity of vapour present m atmospheric air is very 
variable ; but, spite of the abundant vaporisation produced on the 
surface of seas, lakes, and rivers, the air in the lower regions of 
the atmosphere is seldom quite saturated, even when it rains. 
This arises from fie feet that aqueous vapour, being less dense 
than air, rises into the higher regions of the atmosphere, in pro- 
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portion as it is ormed, where, condensed by cooling, it falls as rain. 
During a dense fog the air is quite saturated. 

260. Evaporation. Causes which accelerate it. —We have 
hitherto described under the general term of vapoHsation all pro¬ 
duction of vapour, under whatever circumstances it takes place, 
whether slow or rapid, whether tn air or in a vacuum ; while the 
term evaporation is especially assigned to the slow formation of 
vapour on the surface of a volatile liquid when it is exposed in 
the open air. It is m consequence of evaporation that the level 
of the water in a pond in dry weather gradually sinks, and the pond 
ultimately dries up if it is not fed by a spring Owing to the same 
cause the moist earth dries up and hardens in fine weather, and 
wet linen exposed m the air soon becomes dry Several causes 
influence the rapidit) of the evaporation of a liquid its temperature, 
the quantity of the same vapour in the suriounding atmosphere, 
the renewal of this umospherc, also the extent of the surface of the 
liquid 

Influence of tempi 1 atute The highu the temperature, the 

more abundant is the foimnuon of vapour Ihis property is uti¬ 
lised in dail) life to hasten and complete the drying of a large 
number of products which aic exposed in stovt t—that is to say, in 
chambers the temperatuie of which is kept at 30, 40, 60, 
and even 100 degrees,and the air of which is continual!) 
renewed to allow the vapour formed to escape 

Influence of pressure We have already seen that the 
pressure of the atmosphere is an obstacle to the dis¬ 
engagement of vapour, and it will thus be understood 
that w hen this pressure is diminished vapour ought to be 
formed moie abundantly This, in point of fact, is what 
takes place whenever liquids are under a lower piessure 
than that of the atmosphere In sugar refineries, in 
order to concentiate the syrups, that is, to reduce the 
volume by removing part of the water they contain, they 
aie placed in large spherical boilers , and then, by the 
aid of large air-pumps of special construction, worked 
by steam-engines, the air in the boilers is rarefied, which 
considerably accelerates the evaporation of water, and 
quickly brings the syrups to the wished-for degree of 
concentration. 

The rate at which water evaporates m the air may be in¬ 
vestigated by means of the evaporometer (fig 271), which consists 




of ; a graduated .glass tube, a, nine inches long, j inch in 
diameter, and dosed at one end. It is filled with water, and 
dosed at the bottom by a disc, o, of thick blotting-paper; this 
is kept in its place by a brass ring, which is pressed by a spring 
passing round the tube. The area of the disc is known, and, by 
observing the extent to which the level of the water has sunk 
during a certain interval of time, we have at once the means of 
calculating the volume of water which has evaporated during this 
time. The instrument is suspended in the open air in the shade, 
and near it is a wet-bulb thermometer. At London the amount of 
water which evaporates in a year is represented by the height of 
a column of water of two feet. 

Influence of the renewal of air. In order to understand the 
influence of the third cause, it is to be observed that no evapora¬ 
tion of a liquid takes place in a space already saturated with the 
vapour of that liquid, and that evaporation reaches its maximum 
in air completely freed from this vapour. It therefore follows that, 
between these two extremes, the rapidity of evaporation varies 
according as the surrounding atmosphere is already more or less 
charged with the same vapour. 

The effects of the renewal of this atmosphere are easily ex¬ 
plained ; for if the air or gas which surrounds the liquid is not 
renewed, it soon becomes satiuated, and evaporation ceases. Thus 
it is that the wind, removing the layers of air which are in contact 
with the earth, soon dries up the roads and streets. Hence, too, 
it is that linen hung out to dry does sofai more rapidly on a windy 
than on a calm day. 

Influence of the extent Oj surface. The greater the extent ot 
surface which a liquid presents to the air, the more numerous are 
the points from which vapour is disengaged. Hence the evapora¬ 
tion of a liquid should be effected in vessels which are wide and 
shallow. This is what is done in the process of extracting salt 
from sea-water in salt-gardens. The sea-water is admitted into 
broad and shallow pits excavated in the ground. Under the influ¬ 
ence of the sun’s heat the water evaporates, and w hen the con¬ 
centration has reached the point at which the liquid is saturated, 
the salt begins to form on the surface and is raked off. 

261. Ebullition. — Ebullition, or boilings is the rapid produc¬ 
tion of elastic babbles of vapour within the mass of a liquid 
itself. 

When the lower part of a vessel containing water is heated, 
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the first hubbies are due to the disengagement of air which 
had previously been absorbed. Small bubbles of vapour then 
begin to rise from the heated parts of the sides, but as they 
pass through the upper layers, the temperature of which is lower, 
they condense before reaching the surface. The formation and 
successive condensation of these first bubbles occasion the singing 
noticed in liquids before they begin to boil. Lastly, large bubbles 
rise through the liquid and burst on the surface, and this consti¬ 
tutes the phenomenon of ebullition (fig. 272). 

262. Laws of ebullition.—The laws of ebullition have been 
determined experimentally, and are as follows :— 

I. The temperature of ebullition , or the boiling-point, increases 
with the pressure. 

II. For a given pressure , boiltng commences at a certain tem¬ 
perature , which varies in different liquids , but which for equal 
pressures is always the same in the same liquid. 

III . Whatever be the temperature of the source of heat , as 
soon as ebullition begins , the temperature of the liquid remains 
stationary. 

Thus, the boiling-point of watei 
under the ordinary atmospheric 
pressure being ioo°, water could not 
be heated beyond that point, what¬ 
ever the temperature of the source 
of heat; the only effect of higher 
temperature being to increase the 
rapidity of \apousation ; hence all 
the heat which passes from the 
source into the liquid is absoibcd 
by the vapour disengaged. But as 
the vapour is itself at 100°, we must 
conclude that this heat is not ab¬ 
sorbed to raise the temperature of 
the vapour, but simply to produce 
rV—-that is, to change the substance 
from the liquid into the gaseous 
state—a phenomenon analogous to 
that which fusion presents (250). Fig. 1,7a. 

This disappearance of heat during 

ebullition will be subsequently investigated under the name of 
latent heat of vaporisation.(267). 
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Boiling-points under the pressure of an atmosphere 


Oxygen 

-*182° 

Distilled water . 

. roo° 

Carbonic acid 

-80 

Turpentine . 

• i 57 

Sulphurous acid . 

—10 

Strong sulphuric acid 

. 318 

Ethylic chloride . 

+ n 

Mercury 

■ 357 

Ether . 

- 37 

Sulphur 

• 444 

Bisulphide of carbon 

• 47 

Cadmium . 

• 756 

Bromine 

• 58 

Zinc . 

. 916 

Alcohol. 

. 78 

Lead . 

• 1450 


263. Causes which influence the boiling-point.—The boiling- 
point of a liquid is affected by the presence of substances in solu¬ 
tion, by the pressure to which it is subjected, and by the nature of 
the vessel in which the boiling takes place 



Fig. 271. 

The bailing of a liquid is the more retarded the greater the 
quantity of any substance it may contain in solution, provided that 
ce is not volatile, or, at all events, is less volatile than 
[itself. Water, which boils at too 0 when pure, boils at 
M ^FpHhen it is saturated with common salt—that is, when it has 
ten up as much of this salt as it can dissolve. 

Influence of pressure. The pressure to which a liquid is 
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subjected has the most important influence on its boiling-point. 
The greater the external pressure, the greater must be the tension 
in order that the vapour may be disengaged, and therefore the 
higher the temperature. On the contrary, the less the pressure, 
the lower the temperature at which boiiing takes place. If the 
pressure of the atmosphere be sufficiently diminished, water may be 
made to boil at the ordinary temperature. The experiment may be 
arranged in the manner represented in fig. 273. A glass cup con¬ 
taining water is placed under the bell-jar of an air-pump, or, in 
order that the experiment may be seen by a number of spectators, 
the bell is placed on a movable plate connected with the pump by 
a tube. When the air is very’ rarefied, the water is seen to boil, 
evidently indicating a considerable disengagement of vapour. Yet 



the temperature of the liquid is not raised , the boiling, on the 
contrary, lowers the temperature, owing to the heat which becomes 
latent in the formation of vapoui. 

The influence of pressure on boiling may further be illustrated 
by means of an experiment of Franklin’s, The apparatus consists 
of two bulbs connected together by small glass tubing, one of 
which has a piece of wide tubing sealed to it (fig. 274). This 
is drawn out and the apparatus filled with water, which is then in 
great part boiled away by means of a spirit-lamp. When it has 
been boiled long enough to expel all the air, the tube is sealed 
as in the construction of the water-hammer (55). There is then 
a vacuum in the apparatus, or, rather, there is only a pressure 
due to the aqueous vapour, which at ordinary temperatures is 
very small. Consequently, if the bulb be placed in the hand 
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as shewn in the figure, the heat is sufficient to produce a pres¬ 
sure, which drives the water into the tube and causes a brisk 
ebullition. 

A paradox” t out very simple experiment also well illustrates 
die dependence of the boiling-point on the pressure. Water is 
boiled for ome time in a glass flask, and when all air has been 

expelled by the steam the 
flask is closed by a cork and 
inverted, as shown in fig. 275. 
If the bottom is then cooled 
by a stream of cold water 
from a sponge, the water 
begins to boil again. This 
arises from the condensation 
of the steam above the sur¬ 
face of the water, by which 
a partial vacuum is pro 
duced. 

As the pressure of air 
diminishes in proportion as 
we rise in the atmosphere, it 
will be seen, from what has 
been said, that on high 
mountains water must boil 
at lower temperatures than 
at the sea level. This, in 
fact, is the case. On Mont 
Blanc, at a height of 15,800 
feet, water boils at 84°; at Quito, at a height of 11,000 feet, 
at 90°; on the St. Bernard at 92°; and at Madrid, the height of 
which is 3,000 feet, it boils at 97 0 . This diminution in the tem¬ 
perature of boiling at great heights is a matenal obstacle to the 
preparation of food, for at the temperature of 90° the extraction of 
the nourishment and of the flavour is far more imperfect than under 
the usual conditions. 

*£* In deep mines, on the contrary, such as those of Cornwall and 
Lancashire, the reverse is the case ; the pressure increases with 
the depth, and the boiling-point is raised above 100° 

Influence of the nature of the vessel on the boiling-point. 

, Gay-Lussac observed that water in a glass vessel required a higher 
temperature for ebullition than in a metal one. Taking the tem- 
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perature of baling water in a copper vessel at ioo°, its boiling- 
point in a glass vessel was found to be ioi° ; and if the glass vessel 
had been previously cleaned by means of sulphuric acid and of 
potash, the temperature would rise to 105° or even 106 0 before 
ebullition commenced. Whatever be the boiling-point of water, 
the temperature of its vapour is uninfluenced by the material of 
the vessel in which the boiling takes place. 

264. Papin’s digester. —What has hitherto been said in refer¬ 
ence to the formation of vapour has applied to the case of liquids 
heated in open vessels. Boiling can only take place under these 
conditions ; for, in a closed vessel, since the vapour cannot escape 
into the atmosphere, its elastic force and density continually in¬ 
crease, but that peculiarly rapid disengagement of vapour which 
constitutes boiling is impossible. There is, moreover, this difference 
between heating in an open and m a closed vessel—that in the 
former case the temperature can never exceed that of ebullition, 
while in a closed vessel it may be raised, so to speak, to an in¬ 
definite extent Thus wc have 
seen (263) that in an open 
vessel water cannot be heated 
beyond 100° C., all the heat 
imparted to it being absorbed 
by the vapour disengaged. But 
asthis disengagement of vapour 
cannot take place in a closed 
vessel, water and the vapour 
may be raised to a far higher 
temperature than ioo°. This, 
however, is not unattended with 
danger, from the very high 
pressure which the vapour then 
acquires. 

Fig. 276 represents the ap¬ 
paratus used in physical lectures 
for the purpose of heating water 
in a closed vessel beyond ioo°. 

It is known as Papin’s digester. 

It consists of a cylindrical 
metal vessel, M, provided with a cover, which is firmly fastened 
down by a screw. In order to close the vessel hermetically, sheet 
lead is placed between the edges of the--cover and the vessel 

X 



Fig. 276, 
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fire cover there is a hole which is closed by a rod kept in 
place by a cylindrical guide, u. This rod presses against a lever, 

movable at a, and the pressure may be regulated by means of 
& weight, p, movable on this lever The lever is so weighted that 
Wien the pressure in the interior is equal to six atmospheres, 
Tdr example, the valve rises and the vapour escapes The 
destruction of the apparatus is thus avoided, and the mechanism, 
which will be described m speaking of the steam-engme (289), 
has hence received the name of safety-valve The digester is 
filled about two-thirds with water, and is heated by a large 
Bunsen burner. The water may thus be raised to a tempera* 
ture far above ioo°, and the pressure of the vapour increased 
to several atmospheres according to the weight on the lever 

The apparatus has received the name of dtgester, from a Latin 
Word signifying to dissolve, for the high temperature which water 
can acquire greatly increases its solvent power Thus it is used to 
extract from bones the substance known as glue , which could not 
be accomplished at ioo° C 

From the enormous pressure which vapour may acquire when 
heated tn a dosed vessel, it will be understood how important 
it is not to close tightly the vessel in which water is heated for 
domestic purposes. Thus a hot-watei bottle for heating the feet 
of invalids should be uncorked before being placed near the 
fire ; for it might burst, or, at any rate, the cork might be driven 
out, and a more or less senous accident be caused In like 
manner, when a locomotne stops, the steam must be allowed to 
escape ; for otherwise, as it is continually being formed m the 
boiler without any being consumed in working the engine, it 
might ultimately acquire such a pressure that an exploston would 
ensue. 

265. Measurement of the pressure of aqueous vapour.— -The 
important applications which have been made of the pressure of 
aqueous vapour have led philosophers to measure it accurately at 
various temperatures. 

Dalton first measured the pressure of aqueous vapour for 
^temperatures between o° and ioo° by means of the apparatus 
represented in %. 277. Two barometer-tubes, A and B, are filled 
with mercury, and inverted m an iron bath full of mercury, and placed 
aver a furnace of large Bunsen burner. The tube A is an ordinary 
tjarometer-tube 5 but into the tube B is introduced a small quantity 
tSfWater. The iubes are supported in a cylindrical vessel full of 
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water, the temperature of which is indicated by the thermometer, 
& The bath being gradually heated, the water in the cylinder 
becomes heated too ; the water 
which is in the tube, B, vaporises, 
and, in proportion as its vapour 
pressure increases, the mercury 
sinks. The depressions of the 
mercury corresponding to each 
degree of the thermometer are 
read off on the scale Thus if, 
when the thermometer is at 70° 
the mercury is 233 millimetres 
lower in the tube, B, than in the 
tube, A, it follows that at 70° the 
pressure of aqueous vapour is 
333 millimetres, which is equi 
valent to 230 millimetres of 
mercury at o’ C , the standard 
temperature This amounts to 
saying that the vapour exercises 
on the sides of the vessel which 
contains it a pressure equal to that 
due to a column of mercury 230 
millimetres in height. 

Dulong and Aragodetermined 
the pressure of aqueous vapoiu 
above ioo° up to pressures of 
24 atmospheres More recently 
Regnault measured the piessure 
of aqueous vapour both above 
and below 100° For tempera 
tures below ioo° he used two 
independent methods Of these one was a modification of 
Dalton’s ; the other depends on the principle that w'hen a 
liquid bolls, the pressure of the vapour is equal to the pressure 
the liquid supports. If, therefore, the temperature and the cor¬ 
responding pressure are known, the question is solved, and the 
methodfmerely consists in causing water to boil under a given 
pressure and in measuring the corresponding temperature. The 
method is applicable to pressures greater than atmospheric. 

The following table is due to Regnault 
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Pressure of aqueous vapour from —if to 160 4 C. 


Temperature 

Pressure in millimetres 
of mercury 

! Temperature 

* 

Pressure in millimetres 
of mercury 

-4° 

3'39 

3°° 

31-55 

-2 

3 96 

40 

54'9I 

O 

4-60 

5° 

91-98 

I 

4 94 

60 

148 79 

2 

5 3° 

65 

186-95 

3 

5-69 

70 

233-09 

s 

6 53 

75 

288 52 

10 

9 17 

80 

354 64 

12 

1046 

90 

525-45 

13 

n 06 

IOO 

76O OO 

r 5 

1270 

ior 

78763 

17 

14-42 

120 

1520-00 

18 

15 36 

160 

458000 

20 

17 39 




266. Measurement of heights by the boiling-point—From the 
connection between the boiling-point of water and the pressure, 
the heights of mountains may be measuied by the thermometer 
instead of by the barometer, since the pressure of the steam of boil¬ 
ing water is equal to that of the superincumbent atmosphere, what¬ 
ever the temperature may be at which the w ater is boiling. Suppose, 
for example, it is found that water boils on the summit of a mountain 
aFgo 0 , and at its base at 98° ; at these temperatures pressure of the 
vapour is equal to that of the pressure on the liquid—that is, to the 
pressure of the atmosphere at the two places respectively. Now, 
the pressure of aqueous vapour at various temperatures has been 
determined, and accordingly the pressures corresponding to the 
above temperatures are sought in the tables. These numbers repre¬ 
sent the atmospheric pressures at the two places—in other words, 
they give the barometric heights—and from these the height of 
the mountain may be calculated by the method already given (140). 
An ascent of about 1,080 feet produces a lowering of i° C. in the 
boiling-point, or, what is the same thing, an ascent of 600 feet pro¬ 
duces a lowering of 1° F. 

The instruments used for this purpose are called thermoiaro- 
meters or kypsometers, and were first used by Wollaston. They 
consist essentially of a small metal vessel provided with a spirit- 
lamp for boifing water (fig. 278). To this is fitted a long tube, 
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the parts of which slide in each other like a telescope, so that it' 
can be shut up for convenience in transport. By means of a cork 
a delicate thermometer fits in the top of the tube, so that the bulb 
and nearly the whole of the stem are 
surrounded by the steam. When the 
thread of mercury is stationary, its 
position is read off. The graduation 
of the thermometer is only from 8o° or 
90° to 100° ; so that, each degree occu¬ 
pying a considerable space on the 
scale, the ioths, and even the iooths, 
of a degree may be estimated, and 
thus it is possible to determine the 
height of a place, by means of the 
boiling-point, to within about io feet. 

267. Latent heat of vapour.—In 
speaking of ebullition we have seen 
that, from the moment a liquid begins 
to boil, its temperature ceases to rise 
whatever be the intensity of the source 
of heat. It follows that a considerable 
quantity of heat becomes absoibed in 
ebullition, the only effect of which is 
to transform the body from the liquid 
to the gaseous condition. And, con¬ 
versely, when a saturated vapour 
passes into the state of liquid, it gives 
out that amount of heat winch it had 
absorbed in becoming converted into 
vapour. 

This may be illustrated by means of the apparatus represented 
in fig. 275. The vessel c contains a certain weight of water at a 
known temperature, as indicated by a thermometer not shown in the 
figure ; in the vessel, a, water is raised to the boiling-point, and 
when this is attained the open end of the pipe is dipped in c, and 
the boiling continued for some time. The increase in weight in c 
is then observed ; this represents the weight of steam condensed, 
and the thermometer shows a rise of temperature. From these 
data the quantity of heat given out by the steam in condensing may 
be calculated. Thus, for instance, suppose the original weight of 
water in c to have been 1,000 grammes and its temperature io°, 
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the end of die experiment it was 20° and that the water 
<SstiIk>d over and condensed weighed 16 3 grammes; then the 
* quantity of heat which has been imparted to the cooling water 
„ has been 1,000 (20 —10) = 1,000 x 10= 10,000 thermal units (275), 

and this has been effected by the 
heat produced by the condensa¬ 
tion of 16*3 grammes of steam 
at ioo° to water at the same 
temperature, together with that 
which it has given out in cooling 
down to 20 0 . This latter is re¬ 
presented by the expression 16-3 
[x + (100-20)] = 16-3 (x + 80), 
where x is the latent heat of 
\ aporisation. By equating the 
two expressions the value of x 
is easily found ; in this case it 
533 - 

‘These phenomena were first observed by Black, who described 
them by saying that during vaporisation a quantity of sensible 
heat became latent, and that the latent heat again became free 
during condensation. The quantity of beat which a liquid must 
absorb in passing from the liquid to the gaseous state, and which 
it gives out in passing from the state of vapour to that of liquid, is 
spoken of as the latent heat of vaporisation. 

The analogy of these phenomena to those of fusion will be at 
once seen. The modes of determining are described in principle 
in the above example ; we may give the following results which 
have been obtained for the latent heats of vaporisation of a few 
liquids:— 
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Water 

Alcohol 

Ether 


540 

208 

90 


Bisulphide of carbon . 87 
Turpentine. 74 

Bromine . 46 


The meaning of these numbers is—in the case of water, for 
instance—that it requires as much heat to convert a pound of water 
from the state of liquid, at the boiling-point, to that of vapour at the 
same temp efittdre, as would raise a pound of water through 540 
degrees, q®jgf£» pounds of water through one degree Centigrade, 
or thatlfcrfiat yielded by the conversion of one pound of vapour 
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of alcohol at 78° into liquid alcohol of the same temperature would 
raise 208 pounds of water through one degree. 

It has been assumed that the boiling is under the ordinary 
pressure of the atmosphere; if the pressure is lower, and therefore 
the boiling-point lower, the value for the latent heat is greater. 
Watt supposed that the sum of the latent and sensible heats was a 
constant quantity, and equal to 640 ; thus, if water were boiled at 
90° its latent heat on this view would be 550. This is not, how¬ 
ever, the case ; Regnault showed that the total heat of vaporisation, 
Q, ■= 6o6'5 + o’3Q5 /, where t is the temperature of boiling on the 
Centigrade scale. 

268. Cold due to evaporation. —Whatever, then, be the tempe¬ 
rature at which a vapour is produced, an absorption of heat always 
takes place. If, therefore, a liquid evaporates, and does not receive 
from without a quantity of heat equal to that which is expended in 
producing the vapour, its temperature sinks, and the cooling is 
greater in proportion as the evaporation is more rapid. 

This may become p. source of very great cooling. Thus, if a 
few drops of ether be placed on the hand, and this be agitated to 
accelerate the evaporation, great cold is experienced. By delivering 
the ether m the form of spray (fig. 175), the cold is still greater, 
and on this depends the method of obtaining local anaesthesia. 
With liquids which are less volatile than ether, like alcohol and 
water, the same phenomenon is produced, but the cooling is less 
marked. 

On coming out of a bath, and more especially in the open air 
and with some wind, a \ery sharp cold is experienced, due to the 
evaporation of the water on t,he surface of the body.' The wearing 
of moist linen is cold and dangerous, because it withdraws from 
the body the heat which the moisture requires for conversion into 
vapour. 

The cooling effect produced by a wind or draught does not 
necessarily arise from the wind being cooler, for it may, as shown 
by the thermometer, be actually warmer than the surface of the 
skin, but arises from the rapid evaporation it causes. We have the 
feeling of oppression, even at moderate temperatures, when we 
are in an atmosphere saturated by moisture in which no evapora¬ 
tion takes place. 

The cooling produced by the use of fans is due to the increased 
evaporation they produce. The freshness occasioned by watering 
the streets is also an effect of evaporation. 
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The-fresh feeling: experienced after a shower on a hot summer’s 
day is due not only to the lower temperature of the rain from the 
higher regions of the atmosphere, but in greater measure to the 
heat absorbed owing to the rapid evaporation. 

The cold produced by evaporation is used in hot climates to 
cool water by means of alcarranas. These are porous earthen 
Vessels, through which water percolates, so that on the outside 
there is a continual evaporation, which is accelerated when the 
vessels are placed in a current of air. For the same reason wine 
is cooled by wrapping the bottles in wet cloths and placing them 
in a draught. 

The high temperatures which the body can sustain in Turkish 
baths—exceeding even the temperature of boiling water—are only 
possible by the rapid evaporation which sets in. 

269. Water and mercury frozen in a vacuum.—From the great 
quantity of heat which disappears whenever a liquid is converted 
into vapour, it will be seen that by accelerating the evaporation we 
have a means of producing cold. We have found that liquids 
vaporise more rapidly the lower the pressure (263). Hence, if a 
vessel containing water be placed in a space from which the air is 
exhausted, it should cool very rapidly. 

Leslie succeeded in freezing water by means of its own rapid 
evaporation. Under the receiver of the air-pump is placed a vessel 
containing strong sulphuric acid, a sub¬ 
stance which has a great affinity for water, 
and above it a thin, shallow, porous 
capsule, A (fig. 280), containing a small 
quantity of water. By exhausting the 
receiver the water begins to boil, and, 
since the vapours are absorbed by the 
sulphuric acid as fast as they are formed, 
a rapid evaporation is produced, which 
quickly effects the freezing of the water. 

By using liquids more volatile than 
water, more particularly liquid sulphurous 
acid, which boils at -10“, a degree of cold is obtained sufficiently 
intense, to freeze mercury. The experiment may be made by 
covering'the bulb of a thermometer with cotton-wool, and, after 
having $«fetened it with liquid sulphurous acid, placing it under 

reei^pl of the air-pomp. When the pressure is reduced the 
twncory Weekly frozen. 
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By passing a current of air, previously cooled, through liquid 
methyl chloride, temperatures of from — 23 0 to — 70° C. may be 
maintained with great constancy for several hours. 

Thilorier, by directing a jet of liquid carbonic acid on the bulb 
of an alcohol thermometer, obtained a temperature of — ioo° without 
freezing the alcohol. With a mixture of solid carbonic acid, liquid 
protoxide of nitrogen, and ether, Despretz obtained a sufficient 
degree of cold to reduce alcohol to the viscous state. 

By means of the evaporation of bisulphide of carbon the forma¬ 
tion of ice may be illustrated (fig. 281) without the aid of an air- 
pump. A little water is dropped on a small 
piece of wood, B, and a capsule of thin 
copper foil, C, containing bisulphide of car¬ 
bon, is placed on the water. The evapora¬ 
tion of the bisulphide is accelerated by 
means of a pair of bellows, N, and after a 
few minutes the water freezes round the 
capsule, so that the latter adheres to the 
wood. 

In like manner, if some water be placed 
in a test-tube, which is then dipped in a glass containing some 
ether, and a current of air be blown through the ether by means 
of a glass tube fitted to the nozzle of a pair of bellows, the rapid 
evaporation of the ether very soon freezes the water in the tube. 

In Harrison’s method of making ice artificially, a steam-engine 
is used to work an air-pump which produces a rapid evaporation 
of some ether, in which is immersed the vessel containing the 
water to be frozen. The apparatus is so constructed that the 
vaporised ether can be condensed and used again. 

In the East Indies ice is formed even at a temperature of 8° 
to io° C. provided the nights are clear and bright. Water is 
exposed in flat porous vessels, which are placed in shallow pits 
lined with bad conductors, such as straw. The water percolates 
through the porous vessel, and, there evaporating, withdraws so 
much heat from the vessel and from the rest of the water, that it 
freezes. 

This process is favoured by the absence of aqueous vapour 
from the atmosphere ; for aqueous vapour has a great absorptive 
power for the obscure heat radiated from the earth (233) and thus 
obstructs it in its attempt to escape. 
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CHAPTER VIII 

LIQUEFACTION OF VAPOURS ANI> GASES 

270. Liquefaction of vapours. —The liquefaction or condensation 
of vapours is their passage from the a enform to the liquid state. 
Condensation may be due to thiee causes— tooling, compression, ot 
chemical affinity. 

When vapours are condensed, their latent heat becomes free 
—that ts, it affects the thermometer This is readily seen when a 
Current of steam at ioo° is passed into a vessel of water at the ordi¬ 
nary temperature. The liquid becomes rapidly heated, and soon 
reaches ioo° The quantity of heat given up in liquefaction is equal 
to the quantity absorbed in vaporisation 

Liquefaction by chemical affinity. The affinity of certain sub¬ 
stances for water is so great as to condense the vapours in the 
atmosphere, even when they are far from their point of saturation. 
Thus, when highly hygroscopic substances, such as quicklime, 
caustic potash, or sulphuric acid, are exposed in the air, they always 
absorb aqueous vapour. Certain varieties of common salt, exposed 
to the air, absorb and condense so much aqueous vapour as to 
become liquid Many other salts, such as calcium chloride and 
sodium nitrate, have the same property, and are hence called 
deliquescent salts. 

Liquefaction by pressure Let us suppose a vessel containing 
aqueous vapour—a cylinder, for instance—and in this cylinder a 
piston which can be depressed at will, like that represented m 
fig. 3. When fhe piston is depressed, the vapour behaves like a 
true gas, as it is not at first in a state of saturation, the pressure 
increasing its elastic force and density without liquefying it. But 
die more the piston is depressed, the smaller does the volume of 
the visjMir become, and a point is ultimately reached at which the 
vapour present is just sufficient to saturate the space. From this 
point the lightest increase of pressure causes a portion of vapour 
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to, pass into the tiquid state, and if the piston descends to the 
bottom of the cylinder all the vapour is condensed. In this 
experiment it is to be observed that when once saturation is at¬ 
tained, provided there is no air in the cylinder, the resistance to 
the depression of the piston does not increase in proportion as it 
descends, because, the vapour being saturated, its pressure does 
not increase with diminished volume. 

Liquefaction by cooling. Cooling, as well as pressure, only 
causes vapours to liquefy when they are in a state of saturation. 
But wheh once a given space is saturated, the slightest lowering of 
temperature takes from the vapours the heat which gives them their 
condition, the attraction between the molecules preponderates, they 
agglomerate, forming extremely small droplets, which float in the 
air and are deposited on the surrounding bodies. 

Vapours are ordinarily condensed by cooling. Thus the vapours 
exhaled from the noses and mouths of animals first saturate the 
colder air in which they are disengaged, and they then condense 
with a cloud-like appearance. Owing to the same phenomenon 
the vapours become visible which are disengaged from boiling 
water, those which rise from chimneys, the fogs formed above 
rivers, and so forth. All these vapours appear more distinctly in 
winter than in summer, for then the air is colder, and the conden¬ 
sation is more complete. 

In cokl weather, the windows in heated rooms are seen to 
become covered w'ith dew on the inside. The air of these rooms is 
in general far from being saturated with vapour, but the layers of 
air in immediate contact with the windows become colder ; and as 
the quantity of vapour necessary' to saturate a given space is less 
the colder the space, a moment is reached at which the air in con¬ 
tact with the windows is saturated, and then the vapour it contains 
is deposited. In a time of thaw, when the air is hotter on the 
outside than on .the inside, the deposit is formed on the outside. 
To the same cause is due the deposit of moisture formed on walls, 
which is expressed by saying that they sweat —an unsuitable 
expression, for the moisture does not come fiom the walls, but 
from the atmosphere. The walls are colder than the air, and they 
lower the temperature of the layers in contact with them, and con¬ 
dense the aqueous vapour. A similar effect is produced when in 
summer a bottle of wine is brought from the cellar, or when a glass 
is filled with cold water : a deposit of dew is formed on the surface 
of these vessels. The same phenomenon does not occur so often 
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itt winter, for then the temperature of the atmosphere being fre- 
*piently the same as that of the bottle, or even lower, the layers of 
stir in immediate contact with it are not cooled. 

371. Heat disengaged during condensation. —It has been seen 
that any liquid in vaporising absorbs a quantity of heat. This 
heat is not destroyed, for in the converse change it re appears in 
the sensible state—that is to say, it is capable of acting on our sense 
6f feeling and on the thermometer. For instance, we know that 
a pound of water absorbs m vaporising 540 units of heat (267)— 
that is to say, a quantity of heat necessary to raise 540 pounds 01 
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water from 0° to i° . conversely, a pound of steam at 100°, which 
is liquefied and gives a pound of water at ioo°, causes 540 units to 
pass from the latent to the sensible state—an amount of heat which 
i$ utilised in heating by steam. This amount is equal to that 
which would be capable of raising 4 pounds of cast iron to its 
melting-point . 

The quantity of heat which becomes free when aqueous vapour 
is condensed is sometimes utilised for heating private houses, hot¬ 
houses, an&pubijc buildings. Steam is produced in boilers like 
those used in steam-engines, and passes thence into metal tubes 
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concealed behind the wainscot, or into columns which serve at 
the same time as ornaments for rooms. The steam condensing 
in these pipes gives up a considerable quantity of heat, which they 
impart to the surrounding air. The pipes being somewhat inclined, 
the condensed water flows back into the boiler, and thus a constant 
circulation is kept up. 

272. Distillation. Stills.— Distillation is an operation by which 
volatile liquid may be separated from substances which it holds 
in solution, or by which liquids of different volatilities may be 
separated. The operation depends on conversion of liquid into 
vapour by the action of heat, and the condensation of the vapour 
by cooling. 

The apparatus used in distillation is called a still. Its form may 
vary greatly, but it consists essentially of three parts : (1) the body, 
A (fig. 282), a copper vessel containing the liquid, the lowest part 
of which fits in the furnace ; (2) the head, B, which fits on the 
body, and from which a lateral tube, C, leads to (3) the worm, 
S, a long spiral tin or copper tube, placed in a cistern kept con¬ 
stantly full of cold water. The object of the worm is to condense 
the vapour, by exposing a great extent of surface to the cold water. 

To free ordinary water from the many impurities which it often 
contains, it is placed in a still and heated. The vapour disengaged 
is condensed in the worm, and the distilled water arising from the 
condensation is collected in the receiver, D. The vapour, in con¬ 
densing, rapidly heats the water in the cistern, which must, there¬ 
fore, be constantly renewed. For this purpose a continual supply 
of cold water passes into the bottom of the cistern, while the 
heated, and therefore lighter, water rises to the surface, and issues 
by a tube in the top of the cistern. 

Brandy is obtained from wine by means of distillation. Wine 
consists essentially of water, alcohol, and colouring matter ; when 
heated in a still to a temperature between 78° and ioo°, the alcohol, 
which boils at 78°, vaporises, while water, which only boils at ioo°, 
remains behind, or at all events only passes over in small quantity. 
The liquid which passes over in this distillation is brandy, which is 
in effect dilute alcohol. 

273. Apparatus for determining the alcoholic value of wines.— 

One of the forms of this apparatus consists of a glass flask resting 
on a tripod, and heated by a spirit-lamp (fig. 283). By means of 
an india rubber tube this is connected with a worm placed in a 
copper jvessel filled with cold water, below which is a test-glass for 
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edllect'mg the distillate. OH this are threedivisians—one, a, which 
measures the quantity of vine taken: the two others indicating 
one half and one third of this volume. 

The measure is filled up to a with wine, which is then poured into 
the flask, and, this having been connected with the worm, the 
distillation is commenced. The liquid which distils over is a mixture 
of alcohol and water. For ordinary wines, such as claret and hocks, 
about one third is distilled over ; and for wines richer in spirit, such 
as sherries and ports, one half must be distilled : experiment has 
shown that in these circumstances all the alcohol passes over in 
the distillate. The measure is then filled up with distilled water 
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to a; this gives the mixture of alcohol and water of the same 
volume as the wine taken, free from all solid matters, such as sugar, 
colouring matter, and acid, but containing all the alcohol. The 
specific gravity of this distillate is then taken by means of an 
alcoholometer (fl6), and the number thus obtained corresponds 
to a certain strength of alcohol as indicated by the tables. 

374. Liquefaction of gases.— We have already seen (270) that 
a saturated vapour, the temperature of which is constant, is lique¬ 
fied by diminishing the volume, and that, the volume remain¬ 
ing constant, it is brought into the liquid state by lowering the 
temperature. 
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Unsaturated vapours behave in ail respects like gases. And 
it is natural to suppose that what are ordinarily called permanent 
gases are really unsaturated vapours. For the gaseous form is 
accidental and is not inherent in the nature of the substance. At 
ordinary temperatures sulphurous acid is a gas, while in countries 
near the Poles it is a liquid ; in temperate climates ether is a liquid— 
at a tropical temperature it is a gas. And just as unsaturated vapours 
may be brought to the state of saturation, and be then liquefied by 
suitably diminishing the temperature or increasing the pressure, so, 
by the same means, gases may be liquefied, liut, as they are 
mostly very far removed from this state of saturation, great cold 
and pressure are required. Some of them may, indeed, be liquefied 
either by cold or by pressure ; for the majority, however, both 
processes must be simultaneously employed. No gases can resist 
these combined actions, and those which for long resisted all 
attempts to liquefy them— hydrogen, oxygen, nitrogen, nitric oxide, 
and carbonic oxide—become liquid when submitted to a sufficient 
degree of cold and pressure. 

For every gas there is a temperature above which it cannot be 
liquefied, however great be the pressure applied ; this is called the 
critical temperature of the gas ; in 
the case jf carbonic acid it is 31°. 

The pressure w'hich must be ap¬ 
plied to a gas at the critical tem¬ 
perature in order to liquefy it is 
called the critical pressure; for 
carbonic acid it is 73 atmospheres. 

The lower is the temperature of a 
gas below the critical temperature 
the less is the pressure required to 
liquefy it ; thus carbonic acid at 
13° requires 45 atmospheres and 
only 35 at o°. 

In the case of oxygen the critical temperature is - 119 0 C., and 
the critical pressure 470 atmospheres. 

Fig. 284 illustrates the principle of the method by which Fara¬ 
day liquefied certain gases ; in one limb of a stout bent glass 
tube are placed the substances which act chemically on each 
other and evolve the gas to be liquefied ; the other limb is hermeti¬ 
cally sealed. On heating the right limb in an oil bath the gas is 
disengaged, and in the degree in which this occurs the pressure 
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increases, and the gas ultimately liquefies and collects in the other 
leg ; the process is accelerated by placing this in a freezing 
(mixture. 

One of the most remarkable of the early experiments on the 
liquefaction of gases is that made by Thilorier to liquefy and solidify 
carbonic acid. The principle of the method is that of Faraday. 
The apparatus used by Thilorier consists of two cast-iron cylinders 
with very thick sides, of 5 to 6 quarts capacity (fig. 285). They are 
hermetically closed, and are connected by means of a leaden tube. 



In one of these cylinders, A, called the generator , are placed the 
substances by whose chemical action carbonic acid is evolved. 
These are ordinarily sodium bicarbonate, D, and sulphuric acid 
in the tube, C The second cylinder, called the receiver , B, is 
empty ; and the gas disengaged by the chemical action m the gene¬ 
rator distils Over, and, as the receiver is coldei, it condenses in 
virtue of its increasing pressure. As much as two quarts of liquid 
carbonic acid have thus been prepared. 

At a temperature of 15 0 the pressure of the gas in the cylinders 
is not less than 50 atmospheres j a pressure which would burst the 
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vessels if they were not of great strength. An accident of this kind 
happened some years ago, and caused the death of Thilorier’s 
assistant. 

To obtain solid carbonic acid, the receiver is provided with a 
stopcock attached to a tube, which dips in the liquefied gas. On 
opening this stopcock, the liquid, driven by pressure, jets out; 
passing then from a pressure of 50 atmospheres down to a single 
one, a part of the liquid volatilises ; and, in consequence of the 
heat absorbed by this evaporation, the rest is so much cooled as to 
solidify in white fiakes like snow or anhydrous phosphoric acid. 

Solid carbonic acid evaporates very slowly, and is a perfectly 
harmless substance. By means of an alcohol thermometer its 
temperature has been found to be about - 90°. A small quantity 
placed on the hand does not produce the sensation of such great 
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cold as might be expected. This arises from the imperfect contact. 
But if the solid be mixed with ether, the cold produced is so 
intense that when a little is placed on the skin all the effects of a 
severe bum are produced. Such a mixture of the two substances 
solidifies four times its weight of mercury in a few minutes. 
When a tube containing liquid carbonic acid is placed in this 
mixture the liquid becomes solid, and looks like a transparent 
piece of ice. When this mixture is placed under the receiver of an 
air-pump and rarefaction produced the temperature sinks to — no°. 
Liquid nitrous oxide solidifies in consequence of the cold produced 
by its volatilisation forming a mass the melting-point of which is 
-105° C. 

The condensation of gases is now carried out on an industrial 
scale. The gases contained in gasholders are condensed in 
cylinders of about a cubic foot capacity, A (fig. 286), by an arrange- 
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merit similar in principle to that of the air-gun (fig. 156). When 
Used for inhalation of nitrous oxide or oxygen an india-rubber bag, 
B, is attached which, when the gas is allowed to issue by turning 
the screw cock, C, becomes inflated, and, by means of a suitable 
india-rubber mouth-piece, can be used for inhalation. Nitrous oxide 
is thus applied for anaesthetic purposes. 

For convenience in general use various forms of reducing valves 
and regulators have been constructed, by which the high pressure 
of the issuing stream of gas is reduced to any amount—as low 
as a few inches of water if desired. This is then automatically 
maintained constant till the cylinder is empty. The gases are 
often used direct from the cylinders, the regulation being effected 
by means of the cylinder valve itself. 

Oxygen and hydrogen are also extensively used in this way for 
the oxyhydrogen light. The gases are supplied under a pressure 
of 120 atmospheres, and before being used the cylinders are tested 
by hydraulic pressure up to 185 atmospheres, or over one ton on 
the square inch. 

In 1877 , Pictet and Cadletet independently succeeded in pro¬ 
ducing small quantities of liquid oxygen. As already stated, no 
amount of pressure will liquefy a gas unless its temperature has 
previously been reduced below its critical value, and tj|is critical 
temperature for oxygen is — 119° C. We can thus understand 
why the early experimenters did not succeed in liquefying oxygen, 
nitrogen, etc. 

The general nature of the process by which the low temperatures 
necessary for the liquefaction of these gases are attained is as follows: 
Liquid sulphurous acid boils at - io° under atmospheric pressure 
(262). By means of two double-acting pumps sulphurous acid maybe 
rapidly evaporated, and the vapour again condensed into liquid under 
pressure and cooled by ice. The cooled liquid is again vaporised 
under low pressure, and so on, the process being a continuous 
circulatory one. In this way the sulphurous acid is reduced to a 
temperature of -65° Its function is to produce a large quantity 
of liquid carbonic acid, which is then subjected to a perfectly 
analogous process of rarefaction and condensation, and is used to 
liquefy ethylene, which boils—at atmospheric pressure—at -103°. 
This substance, by evaporation at low pressure, enables a tempera¬ 
ture to -be reached sufficiently low to liquefy oxygen (-182° at 
atmospheric pressure, but -136° at a pressure of 20 atmospheres), 
Nitrogen liquefies at -194 0 , and atmospheric air at -192 0 . 
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Hydrogen is much more difficult to liquefy on account of its 
low critical temperature (- 235° C.), but its liquefaction has been 
effected by Dewar and others. The boiling point of hydrogen is 
-253, and its solidifying point 5 degrees lower. It is usual to 
measure these low temperatures from-273° the absolute zero of 
temperature ; thus hydrogen is said to boil at 20° (abs.) and to 
melt at 15 0 (abs.). 
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CHAPTER IX 

SPECIFIC HEAT. CALORIMETRY 


275. Calorimetry. Thermal unit.—The province of calorimetry 
is the measurement of the quantity of heat which a body parts with 
or absorbs when its temperature sinks or rises through a certain 
number of degrees, or when it changes its condition. 

We must distinguish between quantity of heat and temperature 
(214); the temperature of a red-hot iron poker will be considerably 
higher than that of a bucket of hot water, but the quantity of heat 
in the latter case will be greater. A quantity of heat may be ex¬ 
pressed by any of its effects which can be directly measured, but 
the most convenient is the alteration of temperature ; and quantities 
of heat are usually defined by stating the extent to which they are 
capable of raising the temperature of a known weight of a sub¬ 
stance, such as water. 

The unit chosen for comparison, and called the thermal unit, 
is not everywhere the same. In France it is the quantity of heat 
necessary to raise the temperature of one kilogramme of water 
through one degree Centigrade ; this is called the calorie, in this 
book we shall adopt, as a thermal unit, the quantity of -heat neces¬ 
sary to raise one pound of water through one degree Centigrade; 
t calorie = 2-2 thermal units, and one thermal unit = 0-45 calorie. 

276. Specific heat.—When equal weights of two different sub¬ 


stances at the same temperature—mercury and water, for example— 
are placed in similar vessels and subjected for the same length of 
time to the heat of the same lamp, or are placed at the same dis¬ 


tance in front Of the same fire, it is found that after a time their 
temperatuftsSlwill differ considerably; the mercury will be much 
hotter tie water. But as, from the conditions of the experi- 
mentj during all this time, been receiving heat at the 

is clear that the quantity of heat which is suffi- 
SgiwWwW 'the temperature of mercury through a certain number 
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Of degrees will only raise the temperature of the same quantity of 
water through a less number of degrees—in other words, that it 
requires more heat to raise the temperature of water through one 
degree than it does to raise the temperature of an equal quantity of 
•mercury by the same amount. Conversely, if the same quantities 
of water and of mercury at ioo° C be allowed to cool down to the 
temperature of the atmosphere, the water will require a much 
longer time for this purpose than the mercury , hence, m cooling 
through the same number of degrees, water gives out more heat 
than does mercury 

The difference of the specific heats of solids may be illustrated 
by means of the apparatus depicted in fig. 287, which represents 
two equal vessels, c and c , con¬ 
taining equal weights of water 
at the same temperature. These 
vessels are each embedded in 
an outer vessel, d and d, a 
non-conducting lajer of cot¬ 
ton wool being placed betw een 
Two coils, one of sheet iron, a', 
and the other of sheet lead, a, 
of the same v. eight, are heated 
in an air-bath to the same high 
temperature, and are then 
rapidly introduced into the 
water through the apertures in 
the lids, b and />', so as to rest 
on the perfoi ated discs, s and v 
These can be moved up and 
down so as to equalise the 
temperature throughout the 
liquid. When the respective thermometeis, t and cease to rise, 
they are read off, and it is seen that the temperature indicated by 
the thermometer in which is the iron is decidedly higher than that 
in which is the lead. 

If a pound of water at too 0 is mixed with a pound of water at 
zero, the mixture has a temperature of 50° But if a pound of 
mercury at ioo° is mixed with a pound of water at zero, the tem¬ 
perature of the mixture will only be about 3“—that is to say, while 
the mercury has cooled through 97 0 , the temperature of the water 
has only been raised 3 0 . Consequently, for the same weight, water 





requires about 32 times as much heat as mercury does to exhibit 
the same rise of temperature. 

Again, if a pound of water at io° be shaken with a pound of 
•turpentine at 60°, the temperature of the mixture will be about 24°. 
So that the heat which turpentine gives out in sinking through 36 
degrees will only raise the temperature of an equal weight of water 
through -14 degrees ; or, in other words, the heat required to raise 
turpentine through a certain range of temperature is only about two- 
fifths of that required to raise the same weight of water through 
the same range. 

If similar experiments are made with other substances, it will 
be found that the quantity of heat required to effect a certain 
change of temperature is different for almost every substance ; and 
we speak of the specific heat of a body as the quantity of heat 
which it absorbs when its temperature rises through a given range 
of temperature—from o° to i°, for example—compared with the 
quantity of heat which would be absorbed under the same circum¬ 
stances by the same weight of water. In other words, water is 
taken as the standard for the comparison of specific heats. Thus, to 
say that the specific heat of silver is 0-057 means that the quantity 
of heat which would raise the temperature of any given weight of 
silver through t° C. would only raise the temperature of the same 
weight of water through 0-057° C., or that the quantity of heat 
which would raise a given weight of water through 1° C. would 
raise the same weight of silver through 17-5° C. 

The specific heat of water being unity, that of air is 0-237 if 
we compare equal weights of the two substances. Hence a pound 
of water in losing one degree of temperature would raise the tem¬ 
perature of 4-2 pounds of air through one degree. But as water is 
770 times as heavy as air, if we compare equal volumes , a cubic- 
foot of water in sinking through one degree of temperature would 
raise 3,234 cubic feet of air one degree. 

277. Determination of the specific heats of solids and of 
liquids,-— Three methods have been employed for determining the 
specific heats of bodies : (i.) the method of melting ice, (it.) the 
method of mixtures, and (iii.) that of cooling. 

Method#/tfafusion of ice. This method of determining specific 
heats is based bn the fact that to melt a pound of ice 80 thermal 
Units are necessary. The substance whose specific heat is to be 
detenUified is raised to a known temperature—ioo°, for instance 
4H>d is then rapidly placed in ice. In cooling from 100° to zero, 
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Fig. 288 


the body melts a certain quantity of ice, which is collected in the 
form of water, From the weight of this water, from that of the 
body, and from the number of degrees through 
which it is cooled, the specific heat may be 
readily deduced by a simple calculation. 

Lavoisier and Laplace’s ice calorimeter is 
represented in section in fig. 288. It con¬ 
sists of three concentric tin vessels, M, A, B, 
each with a cover of the same material; m 
the central one is placed the body, M, whose 
specific heat is to be determined, while the 
spaces between M and A, and between A 
and B, are filled with pounded ice. The ice 
in the compartment A is melted by the heated 
body, and the water resulting from the 
liquefaction runs off by the stopcock D, and 
is collected in a vessel; the ice in the com¬ 
partment B cuts off the heating influence of 
the surrounding atmosphere. The stopcock 
E gives issue to the water which arises from 
the liquefaction of the ice in B. 

Method of mixtures This is a much more accurate and 
convenient method than that of 
the fusion of ice, and is essenti¬ 
ally that of the experiments cited 
above to establish the fact of 
specific heat. The solid body 
whose specific heat is to be 
determined is weighed and 
raised to a known temperature, 
by being kept, for instance, 
for some time in a closed space 
heated by steam ; it is then 
immersed in a mass of cold 
water, the weight and tempera¬ 
ture of which are known. The 
water becomes warmed by the 
heat given up by the body 
in cooling, and both come 
at last to the same temperature. From this common tem¬ 
perature, from the respective weights of the water and of the 
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stibstaiiee, *md, lastly, from their temperatures at the time tif 
foitxtare, 'the specific heat of the body is deduced by a simple 
calculation, 

378. Method of cooling-, —Equal weights of different bodies whose 
specific heats are different, occupy different times in cooling through 
the same number of degrees. This principle is applied in deter¬ 
mining the specific heats of liquids in the following manner :—A 
small policed silver vessel, V (fig. 289), is filled with the liquid, and 
a thermometer placed in it. This vessel is heated to a certain 
temperature, and is then introduced into a copper vessel, E, -in 
which it fits hermetically. This copper vessel is exhausted through 
the tube tt\ and maintained at the constant temperature of melt¬ 
ing ice, MN, and the time noted which the substance takes in 
foiling through a given range of temperature, from 15 0 to 5 0 for 
example. The experiment is repeated with a standard liquid, and 
the times which equal weights of different bodies require for cool- 


ing through the same 
specific heats. 

range of temperature are 

Specific 

directly as their 

Specific 

Substances 

heats 

Substances 

heats 

Water 

IOOOO 

Zinc * 

. 00955 

Turpentine 

0-4256 

Copper 

. 0-0951 

Wood charcoal 

0-2411 

Silver 

0-0570 

Sulphur 

0-2025 

Tin 

. 00552 

Graphite . 

0-2018 

Antimony . 

. 0-0507 

Thermometer glass . 

01976 

Mercury . 

0-0333 

Phosphorus 

0 1895 

Gold . 

. 00324 

Diamond . 

0-1469 

Platinum . 

. 0 0324 

Iron 

0-1138 

Lead . 

. 0-0314 

Nickel . 

0-1086 

Bismuth . 

. 0-0308 


It will be seen from the above table that water and oil of turpen¬ 
tine have a much greater specific heat than that of other substances, 
and more'especially than the metals. It is from its great specific 
heat that water itequires a relatively long time in being heated or 
cooled ; and that, for the same weight and temperature, it absorbs 
Or gives out far 5 tnore heat than other substances. This double 
property is applied in heating by hot water, and it plays a most 
important ^ut in the economy of nature. 

, Those^Bodies which have great specific heat, and therefore 
which require a (great quantity of heat to raise them to a given 
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temperature, also give out a great quantity in coding through the 
same range. This difference between bodies as to the quantities 
of heat they contain may be illustrated by a simple experiment 
A number of equal bullets of various metals, iron, lead, bismuth, 
and copper, are heated to a temperature of about 200° C. by 



immersing them in hot oil ; they are then placed on a cake of 
beeswax, CD, about half an inch in thickness (fig. 290). It will 
then be found that the iron and copper melt through, while the 
lead and bismuth make but little way, being unable to sink much 
more than half their way through the wax. 



CHAPTER X 


STEAM-ENGINE 

279. Invention of the steam-engine.—The steam-engine is un¬ 
doubtedly the most important of the applications of the physical 
sciences. Based on the very great elastic force which aqueous 
vapour assumes at a high temperature (256) and on the condensa¬ 
tion of this vapour by cooling (270), the steam-engine, in a small 
volume and at a small expense, produces very considerable motive 
power. 

It is by the successive efforts of several men of genius that the 
steam-engine has attained its present simplicity and precision. 

Its history begins with Hero, the inventor of the fountain which 
bears his name, who invented, nearly two thousand years ago, a 
steam tourniquet known as the eolipyle, analogous to the hydraulic 
tourniquet (fig. 84). The names of Salomon of Caux, and of the 
Marquis of Worcester, are mentioned in the history of the steam- 
engine. 

Denis Papin, a French physicist, to whom is due the apparatus 
already described (264), was the first who caused a piston to ascend 
in a vertical cylinder, closed at the bottom and open at the top, by 
means of the elastic force of steam, and to descend by condensing 
this vapour by cooling ; so that the piston which descended in 
virtue of atmospheric pressure had an up-and-down motion in the 
cylinder, which is still the principle of all steam-engines. Papin, 
who was a Protestant, was obliged to fiy from France, in con¬ 
sequence of the revocation of the Edict of Nantes, and the descrip¬ 
tion and plan of his machine were published in Germany in 1690. 
He evea^jpoade a model large enough to move a boat by means of 
paddle^teels. In this model there was water underneath the 
piston at the bottom of the cylinder. When a furnace was placed 
under this, the water was converted into steam, and its elastic force 
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raised the piston ; when the piston was at the top of its course the 
furnace was withdrawn : the cylinder cooling, the steam was con¬ 
densed, and the piston sank. 

In 1705 Newcomen and Cawley constructed a steam-engine, or 
‘ fire-pump,’ as it was then called, the object of which was to drain 
mines. In this engine (fig. 291) the steam was produced separately 
in a boiler, m, below the cylinder, c, containing the piston,/. The 
condensation also was effected by cold water from a cistern,«, being 
injected into the cylin¬ 
der through a cock, b. 

This was opened when 
the piston was to de¬ 
scend, the descent be¬ 
ing effected by atmo¬ 
spheric pressure, and 
was closed after the 
descent; a second one, 
a, was opened, through 
which steam entered, 
and so on. But the 
sides of the cylinder 
being cooled by this 
injection of cold water, 
the steam which filled 
it was partially con¬ 
densed, until the sides 
w'ere again heated; 
there was thus a con¬ 
siderable loss of steam, 
and therefore of fuel. 

The condensed water flowed out by a pipe, at the end of which 
was the valve, v, which opened as the piston, /, descended, wm is 
the beam by which the motion is transmitted to the pump-rod d. 

280. Watt’s improvements in the steam-engine_James Watt, 

a mathematical-instrument maker in Glasgow, had to repair the 
model of a Newcomen’s engine belonging to the physical cabinet 
of the University. Struck by the enormous quantity of steam and 
of condensing water used by this engine, he entered upon a long 
series of researches and improvements, which he pursued with 
admirable perseverance for fifty years, without ever being con¬ 
tent with the success he obtained. Thus it was that Newcomen’s 




■machine, successively changed and improved in all its £arts, at 
last really became Watt's “machine. 

Condenser. Watt’s first and principal invention was that of the 
eiuuknser. 

This name is given to a closed vessel quite distinct from the 
Cylinder in which the piston moves, and only connected with it by 
a tube provided with a stopcock. In this vessel cold water is 
injected, and the vapour is condensed by opening the connecting 
stopcock. Thus, as the side of the cylinder is not cooled, all the 
steam which enters there is utilised. Thus there was effected so 
great an economy of steam, and therefore of fuel, that Watt and 
Boulton (his partner), having taken a patent, realised great profits 
by only requiring, for a certain number of years, a third of the saving 
in the consumption of coal, as compared with Newcomen’s engine. 

Single-acting engine. In Newcomen’s engine, the cylinder of 
which was open at the top, the steam only lifted the piston ; and 
then, when the steam was condensed, the pressure of the atmo¬ 
sphere brought it down again ; whence the name atmospheric 
engine , by which it was designated. As the piston descended, air 
passed into the cylinder and cooled the sides, in consequence of 
which a portion of the vapour which entered the cylinder was con¬ 
densed until the sides were again heated To remove this source 
of loss, Watt dosed the cylinder altogether, and caused the vapour 
to act above the piston, so as to make it descend ; then, by an 
arrangement of stopcocks, alternately opened and closed by the 
action of the engine itself, the steam passed simultaneously above 
and below' the piston. This, being pressed equally in opposite 
directions, remained in equilibrium ; so that a simple counterpoise, 
acting by means of a lever at the end of a piston-rod, raised the 
piston again, and so on. This machine, into which the air did not 
enter, and where the atmospheric pressure did not act, was called 
the single-acting engine , to express that the steam had a useful 
action on only one side of the piston. 

The single-acting engine had the great disadvantage that it had 
no real force except when the piston was descending. It could 
transmit motion to pumps for emptying mines, because, for that) 
effort in only one direction was required ; but it would not furnish 
a sufficiently regular motion for many industries—for cotton manu¬ 
factures, for instance. Hence Watt’s task was not completed, but 
fie was not long in finding another plan. 

Double-acting engine. In this engine, one form of which we 
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shall presently describe, and which is represented in fig. 292* the 
cylinder is dosed both at the top and a* the bottom, but the steam 
acts alternately on the two faces of the piston—that is to say, by 
a system of valves, opened and closed by the engine itself, when 
the lower part of the cylinder communicates with the condenser, the 
upper part is connected with the boiler, and the steam, acting 
on the piston, causes it to descend. Then, when the piston is 
at the bottom of its stroke, the parts change: the top of the 
cylinder is in connection with the condenser, and the bottom with 
the boiler ; the piston rises again, and so forth, whence results an 
alternating rectilinear motion, which is changed into a continuous 
circular motion, as will be presently described (281). 

Air-pump. Watt completed his engine by the addition of three 
pumps, which are worked by the engine, and play an important 
part. For the cold water of the condenser becomes rapidly heated 
by the heat which the steam gives up to it (271), and this water, 
soon reaching ioo°, would no longer condense the steam. More¬ 
over, the air, which is always dissolved in cold water, is liberated 
in the boiler, owing to the increase in temperature. Now, this air, 
passing both above and below the piston, would soon stop its 
motion. To prevent these two injurious effects. Watt applied to 
the engine a suction-pump, which continually withdrew from the 
condenser the air and water which tended to accumulate there. 

Feed-pump and cold-water pump. The two other pumps which 
Watt added are the feed-pump and the cold-water pump. The 
first is a force-pump which sends into the boilers the hot water 
withdrawn from the condenser by the air-pump, thus producing a 
considerable saving in fuel. The other is a suction-pump, which 
raises, either from a well or a river, or some other source, the cold 
water intended to replace that heated in the condensei and with¬ 
drawn by the air-pump. 

Besides the important parts which have thus been described, we 
owe to Watt the arrangement for distributing the steam alternately 
above and below the piston ; the regulator , whose function, when 
the machine works too slowly, is to admit more steam into the 
cylinder, and, on the other hand, to diminish the quantity when the 
velocity is too great ; lastly, the parallelogram , devised by Watt, 
which imparts to the piston-rod a rectilinear motion. It may be 
added that Watt, who began life as a philosophical-instrument 
maker, carried into the execution of these great pieces of machinery 
the same perfection as is required for the best scientific instrument. 



•jgj. Description of the double-acting engine.—We have 
already seen that the double-acting engine is that in which the 
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steam acts alternately above and below the piston (280). Fig. 292 
represents an engine of this kind, and fig. 296 gives a section of the 
cylinder, of the piston, and of the distribution of steam. The entire 
engine is of iron. To the piston, T, is fixed a rod, A, which slides 
with gentle friction m a tubulure, U, placed at the centre of the 
plate which closes the cylinder (fig. 296). As it is very important 
that no steam shall escape between the piston-rod and this tubu¬ 
lure, the latter is formed of two pieces, one attached to the plate, 
while the other, which fits m the first, can be pressed as tightly as 
is desired, so as to compress the material soaked with fat which is 
between the two tubulures. This arrangement is called a stuffing- 
box ; it prevents the escape of steam without interfering with the 
motion of the piston-rod. 

On the two sides of the cj linder are two columns, k, h (fig. 292), 
which guide the piston-rod in its upward and downward motion. 
The end of the piston-rod is connected with a long piece, B, called 
the connecting-rod, which in turn is jointed w ith a shorter piece, M, 
called the crank, the length of which is just half that of the stroke 
of the piston. The crank is rigidly fixed to a horizontal shaft, 
D, so that it cannot move without transmitting its motion. 

By means of this connecting-rod and crank, the alternating 
rectilinear motion of the piston and of the rod is changed into a 
continuous circular motion ; for the rod, during the ascent of the 
piston, acts upwards upon the crank, making it turn in the direc¬ 
tion of the arrow. When the piston is at the top of its stroke the 
connecting-rod and the crank are vertical, one in front of the other. 
As the piston descends the connecting-rod again acts, so as always 
to turn the shaft in the same direction ; and when the piston is 
at the bottom of the stroke, crank and connecting-rod are again 
vertical, but one is in the prolongation of the other. Hence it 
follows that the shaft, which has made half a turn during the 
ascent, makes a second one during the descent, and thus performs 
a complete revolution during each double oscillation of the piston. 

To transmit the motion to machinery, on the shaft, D, is fixed a 
pulley, G, on which works an endless band ,, X Y, of leather, which 
works on another pulley fixed to the machinery to be turned. 
Moved by the first pulley, this band communicates its motion to 
the second; in this manner the motion is transmitted to all the 
workshops of a large factory. On the right of the fixed pulley, 
G, there is a second, which is not fixed to the horizontal shaft. 
This is the loose pulley. Its object is to suspend all the motion 
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m the machine without stopping the steam-engine. By means 
of- an iron, fork, not seen in the figure, which encloses the hand, 
the latter may be slid from the fixed to the movable pulley* As 
this pulley is not connected with the horizontal shaft, the motion 
of the latter is not transmitted to it. 

On the horizontal shaft is a very large iron wheel, V, called the 
fly-wheel, which is necessary for keeping up the motion ; for each 
time that the piston is at the top or bottom of its stroke there is a 
momentary arrest, during which the motion of the whole machine 
tends to stop. These are called the dead points. It is then that 
the fly-wheel, in virtue of its inertia and of its acquired velocity, 
moves the horizontal shaft, and thus keeps up a regular motion. 

282. Excentric. Slide-valve. —The excentric is an arrange¬ 
ment by which a continuous circular motion is changed into 
an alternating rectilinear motion. It is very frequently used in 
machinery. 
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One of these is fitted to the horizontal shaft at E, and the other 
at t (fig, 292). The former works the feed-pump, and the latter the 
slide-valve. The action of each is the same. Figs. 293 and 394 
represent it op a larger scale, in two exactly opposite positions. It 
consists of a circular piece, KE, fixed to the horizontal shaft, ted 
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in-such a manner that the centre of rotation does not coincide with 
the centre of the piece ; the latter being at C, the former at O. It 
follows from this construction that the point C constantly describes 
» circle about O, which is represented in the drawing by a 
dotted line< Hence, in each half-tum it passes from the position 
represented in fig. 293 to that represented in fig. 294, and vice 
vend. 

To use this motion, the excentric is surrounded by a collar , mn, 
in which it can turn freely like an axle in its box ; hence, during 
the rotation of the horizontal shaft, the collar shares the ascend¬ 
ing and descending motion of the point C, but not its rotatory 
motion. The excentric alone turns, the collar only rises and 
sinks. By thus transmitting its motion to a rod, i, it works the 
slide valve, or the feed pump. 

Slide-valve .—We have still to describe the slide-valve and valve- 
chest, the arrangement by which steam passes alternately above and 
below the piston. Figs. 295 and 296'present a vertical section of 
these parts and of the cylinder. The steam enters the valve-chest 
from the boiler by the brass tube .r. From the valve-chest 
two conduits, a and 6 , are connected with the cylinder, one above 
and the other below. If they were heth open at once, the steam, 
acting equally on the two faces of the piston, would keep it at 
rest. But one of these is always closed by the slide-valve, y i fixed 
to a rod, i. This moves alternately up and down, by means of the 
excentric, e (fig. 2921, on the horizontal shaft as described above. 
In fig. 296 the slide-valve closes the conduit a, and, allowing the 
steam to enter at />, below the piston, the latter rises. But when 
it reaches the top of the stroke the excentric passes from the 
position represented in fig. 293 to that in fig. 294 ; hence the rod i 
sinks, and with it the slide-valve, which then closes the conduit, b , 
and allows the steam to enter at a (fig. 295). The piston then 
sinks, and so forth at each displacement of the slide-valve. 

In completing this account of the manner in which steam is dis¬ 
tributed, it remains to explain what happens when the steam presses 
below the piston (fig. 296). It must not remain above, otherwise 
the piston could not move. But while the steam enters below by 
the conduit b, the top of the cylinder, by means of the conduit a, is 
connected with a cavity, O, from which passes the tube L (fig. 292). 
Through this tube the steam which has already acted upon the 
piston passes into the atmosphere, or else is condensed in a vessel 
filled with cold water, which has been already mentioned—the 

Z 



condenser (280). If, on the other hand, the piston sinks, the slide* 
valve being; in the position of fig. 295, the vapour below the piston 
posses, by the conduit i, to the cavity O, and to the tube L. 

283. Regulator or governor.—The object of this arrangement 
is to regulate or govern the guantity of steam which reaches the 
valve-chest, increasing it when the machine works too slowly 
and diminishing it when it works too rapidly. It consists of a 
parallelogram, kr (fig, 292), each angle of which is jointed A 
toothed bevelled wheel, <2, connected with the horizontal shaft, 

transmits its mo¬ 
tion to a similar 
wheel, b, fixed to 
the rod, c, which 
supports the par¬ 
allelogram. This 
turns, then, with 
the rod the more 
rapidly the greater 
the speed of the 
shaft. But the 

two upper arms 
are provided with 
solid balls, m 

and n ; moreover, 
a socket, r, to 
which are at¬ 
tached the two 

lower arms, is not 
fixed to the rod 
c, but can glide 


along it. Hence 
the centrifugal 
force (31) acting 
on the balls m and » makes them diverge, the parallelogram 
opens and the Socket rises It transmits its motion to a lever, s, 
the sbpsrt arm of which, being lowered, presses upon a long rod, t. 
^lining the lever O, effects a small rotation in a valve 
:;in the tube Jt, by which steam comes (figs. 295, 296). 

( valve, by opening or dosing, admits more or less steam. 

384. Feed-punjp.— The object of this, as its name implies, is to 
jregdace the waster in the boiler as fast as it evaporates. In fig. *92 



Fig, 295. 


Fig 296. 
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this pump, placed at Q, on the left of the drawing, receives its 
motion from an excentric by means of a long rod, and it works 
both as cold-water pump and as peed-pump : as cold-water pump, 
inasmuch as it withdraws water from a well by a suction-pipe placed 
below the engine; and as feed-pump by its then forcing water 
into the boiler by the pipe R. 

285. Various kinds of steam-engines.—A low-pressure engine 
is one in which the pressure of the steam is not much more than 
that of an atmosphere ; and a high-pressure engine is one in which 
the pressure of the steam usually exceeds this amount considerably. 
Low-pressure engines are mostly condensing engines —in other 
words, they generally have a condenser where the steam becomes 
condensed after having acted on the piston: on the other hand, 
high-pressure engines are frequently without a condenser; the 
locomotive is an example. 

If the communication between the cylinder and the boiler 
remains open during the whole motion of the piston, the steam 
retains practically the same pressure, and is said to act •without 
expansion ; but if, by a suitable arrangement of the slide-valve, the 
steam ceases to pass into the cylinder when the piston is at J or J 
of its course, then the steam expands — that is to say, in virtue of 
its elastic force, which is due to the high temperature, it still acts 
on the piston and causes it to finish its course. Hence a distinc¬ 
tion is made between engines expanding and non-expanding with 
steam. 

The principle of expansion is not applicable to low-pressure 
engines, for the elastic force of the steam is not great. But for high 
or mean pressure engines it not only effects a great saving in steam, 
and therefore in fuel, but it regulates the motion by diminishing 
the pressure the moment the acquired velocity of the piston tends 
to increase. 

286. Work of an engine. Horse-power.—The work of an 
engine is measured by the mean pressure on the piston, multiplied 
by the area of the piston, and by the length of the stroke. In 
England the unit of work is the foot-pound —that is, the work 
performed in raising a weight of one pound through a height of 
a foot. Thus, to raise a weight of 14 pounds through a height 
of 20 feet would require 280 foot-pounds. In France the kilogram- 
metre is used—that is, the work performed in raising a kilo¬ 
gramme through a metre. This unit corresponds to 7‘233 foot¬ 
pounds, 

13 



The raft of work in machines is the amount of work performed 
hv. a given time—a second or aq hour, for example. In England 
the rates of work are compared by means of horse-fovttr y which is 
a conventional unit, and represents 33,000 foot-pounds per minute 
or 550 per second. In France a similar unit is used, called the 
chtval-vafevr, which represents the work performed in raising 75 
kilogrammes through one metre in a second. It is equal to about 
54a foot-pounds per second. 

Thus, suppose a steam-engine with a piston the area of which 
is 30 square inches, and its length of stroke 18 inches, and that it 
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makes 84 up and down strokes in a minute. Suppose, further, that 
the mean pressure on the piston is equal to 14 pounds on a square 
inch. The work that the steam-engine performs is equal to 
30x14x84x2* 14s 105,840 foot-pounds per minute. From this 
most be deducted the work expended in overcoming the friction of 
machine, working the pumps, etc. Taking these at 35, p» 















SUam-boiter 


34* 

cent, there remains a useful effect of 68,796 foot-pounds per 
minute, 'which, from what has been said above, represents about 
2 horse-power. 

287. Steam-boiler.—We have stjll to describe the steam-boiler, 
or the arrangement by which the steam is generated, and its various 
accessories. Fig. 297 gives a longitudinal and fig. 298 a transverse 
section of a steam-boiler and its furnace. The steam-boiler con¬ 
sists of a long wrought-iron cylinder, PQ, with hemispherical ends. 
Below are two cylinders, B B, of smaller diameter, which are called 
heaters , and which are connected with the boiler by two strong 
tubes. The object of these heaters is to expose a greater surface 
to be heated. They are full of water, as also are the tubes which 
connect them with the boiler, which is only half full. 

The feed-water, sent by the pump, Q (fig. 292), reaches the boiler 
by a pipe, n (fig. 297), which passes to the bottom to prevent 
cold water from condensing steam ; a second pipe, m, leads the 
steam to the valve-chest. In 
the middle of the boiler is an 
oval hole, called a manhole , the 
object of which is to allow 
workmen to enter the boiler 
when it needs repairs. This 
hole, as well as two front ones, 

B B, of the heaters, is closed 
by what is called an autoclave. 

Here the cover, instead of being 
on the outside, is on the inside. 

A screw', T, fixed to this cover 
makes it press against the sides ; 
and as the pressure of the steam 
acts in the same direction, the 
greater the pressure the more 
tightly is the vessel closed. 

The furnace in which the 
boiler is placed is so constructed 
as to cause the heat to act upon a large surface, and to render the 
combustion as complete as possible. The products of combustion 
pass into tall chimneys, which from their great height increase the 
draught and thereby promote combustion. 

288. Float—This is a small apparatus, the object of which is 
to show the level o( water in the boiler. It consists of a lever, 
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at pae end of which is a piece of stone, F', and at the other a 
counterpoise, a {fig. 297}. The mass F' weighs more than the 
counterpoise a ; but, as it is immersed in water, and thus loses 
part of its weight (106), it is in equilibrium, and the lever is horizontal 
so long as the level of water is at the desired height. But it sinks 
when there is too little water, and rises in the contrary direction 
when there is too much Guided by these indications, the stoker 
can regulate the supply of water 

289. Safety-valve.—The pressure of steam in the boiler is 
measured by means of the manometer (145) But this instrument 
would not prevent explosions if its indications were neglected. 
Hence safety-valves are placed on boilers similar to that which 
Papin adopted in his digester (264) Fig 299 represents on a 
larger scale one of these valves It consists of a metal stopper, c, 
closing a tubulure, A, fixed on the boiler To prevent this from 
sticking to the sides, the metal stopper is hollowed on three sides, 
as seen at S It thus more resembles a clack-valve than an ordinary 

stopper On the piece rests a 
movable lever, ab, loaded with 
a weight, p By moving this 
along the lev er the load on the 
valve can be modified at will. 
For this purpose marks are 
placed which indicate the posi¬ 
tion of the load correspond¬ 
ing to given pressures Thus, 
suppose it is desired that the 
pressure shall not exceed five 
atmospheres, the weight is placed at the division 5 on the lever. 
Then, as long as the pressure is less than five, the safety-valve 
remains closed ; but if the pressure exceeds this amount the 
valve opens and gives exit to the steam, thus preventing an 
explosion. This arrangement of safety-valve is replaced in modern 
boilers by a strong spiral spring placed over the valve and keep¬ 
ing it in place. The tension of this spring is adjusted so that 
when the pressure of the steam exceeds a certain amount the 
spring is compressed and the valve rises, thus allowing the steam 
poescape. 

t 290. Safety-whistle.— This is another safety apparatus, which 
indicates at a distance when the level of water in the boiler is too 
low. It consists of a float, F (fig. 300), supported by a level, ih % 
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which moves about the joint c ; a counterpoise, p, balances the 
float, and a small conical stopper, a , fixed to the lever, closes a 
tubulure on the boiler. This tubulure is dosed at the top by two 
hollow hemispheres. In the centre of the lower one is a disc, which 
does not quite reach the edges. Between the two hemispheres is 
a circular interval, through which vapour escapes when the cone a 
does not dose the tubulure. 



As long as the water is at the right height the float F is raised, 
and presses the cone against the tubulure ; but if the level sinks, 
the float sinks, and with it the cone. The steam escapes round the 
disc e, and gives a very acute sound in striking against the edges 
of the upper hemisphere, which are bevelled. The system con¬ 
stitutes, in fact, a short stopped organ-pipe, yielding therefore a 
very acute sound (202). 

On locomotives a similar whistle enables the driver to signal 
at a great distance by opening a stopcock, which allows the steam 
to escape. 





CHAPTER XI 


HYGROMETRY 


291. Hygrometry.—The province of hygrometry is to d^ enn j ne 
the quantity of aqueous vapour or moisture contained in 
volume of air. The quantity is very variable ; the atrq.f £' ven 
can scarcely ever be said to be completely saturated with " 
even in our climate. Nor is it ever completely dry ; for if r ’ 
scopic substances —that is to say, substances with a great vt 
for water, such as calcium chloride, sulphuric acid, 
etc.—be at any time exposed to the air, they absorb mor^ . ’ 

aqueous vapour. 

The humidity does not depend on the absolute qua^j^, j. 
aqueous vapour present in the air, but on the greater Qr 

H?gKW~ 


jdistance of the temnerature of the air from that at which thp 
would be saturated. 


Thus, if a cubic yard of air contains 15^ , rains 
of moisture, this weight represents the absolute quantity °f water 
vapour present; if the air is at a temperature of 20° ^ ^ 

quantity of moisture it could contain in a state of satur;^'^ . 

204 grains ; the ratio of these two quantities, , ?_=0735, 

■ 204 1 repre¬ 

sents the relative humidity or the hygrometric state. Und< ;r t j, ese 
circumstances we should say that the air is nearly three-c' 
saturated. When the air is cold, it may be moist with ve? 
vapour, and, on the contrary, when it is warm, it may be vi * , 
_„<■_ __ \ _ a ™> 


even with a large quantity of vapour. In summer the air 


usually 


contains more aqueous vapour than in winter, notwiths.,- 
which it is less moist, because as the temperature is hig^ er ^ 
vapour is farther from its point of saturation. When a \ oom ; s 
warmed, the quantity of moisture is not diminished, 1 the 
humidity of the air is lessened, because its point of satun^j^ j g 
raised (265). The air may thus become so dry as to be it. . 
to heal% liad accordingly vessels of water are frequently 
on thfemmes used for heating a room. ” 

of vapour contained in the air varies greaij 
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(he Masons, (he climate, the temperature, and various local causes. 
A‘mess degree of moisture is best suited to the animal economy. 
Ih a state of great dryness—as m the case, for instance, during the 
■prevalenceof north-east winds—the transpiration through the skin is 
too abundant; the skin dries up and chaps, and general discomfort 
ensues. In an atmosphere which is too moist, transpiration is 
slower, and a feeling of depression and heaviness is felt. Hence 
it is necessary to regulate in a suitable manner the moisture of 
dwelling-rooms, so as to avoid these two extremes 

292. Hygroscopes. —There are two classes of instruments by 
which the hygrometnc state of the atr may be ascertained One 
class, called hygroscopes, simply tell whether the air is more or 
less moist, but give no indications as to the quantity of moisture it 
contains ; others, called hygrometers, enable us to measure it with 
some accuracy. 

All substances which absorb aqueous vapour, like common salt 
and many others known as deliquescent salts, may serve as hygro¬ 
scopes. This is also the case with a great number 
of animal and vegetable substances, such as paper, 
parchment, whalebone, hair, catgut, etc, w hich 
lengthen as the air becomes moist, but contract 
as it becomes dry, and thus give an indication of 
the greater or less quantity of vapour in the atr. 

The spiral awns of certain geraniums which unroll 
in moist air may serve as hygroscopes 

A branch of pine which has been peeled, and 
the stouter end of which is fixed in a wall, indi¬ 
cates changes in the moisture of the air by its 
greater or less curvature. 

A great number of instruments hav e been con¬ 
structed on this principle which serve as hygro¬ 
scopes. One, which is sometimes useful, is the 
hair or Saussurds hygroscope. It consists of a 
brass frame (fig 301), on which is fixed a hair, c, 
fastened at the top in a damp, a The lower part 
of the hair passes round a pulley, o, and supports 
a Small weight, p. To the pulley is attached an 
index which moves over a graduated scale. When the humidity 
of the air increases, the hair becomes longer and the point of the 
index moves down. With a drier atmosphere the hair shortens 
and the point rises. 



Fig. 301. 



To this class of hygroscopes belong the chimney ornaments, 
one of the most common forms of which is that of a small male 
and female figure, so arranged in reference to a little house, with 
two doors, that when it is moist the man goes out, and the woman 
goes in, and vice versA when it is fine. They are founded on the 
property which twisted strings or pieces of catgut possess of un¬ 
twisting when moist, and of twisting when dry. 

As these hygroscopes only change slowly, their indications are 
always behindhand with the state of the weather; nor are they, 
moreover, very exact 

2 93- Hygrometers.—The most exact of all hygrometers is the 
chemical hygrometer. This consists essentially of an arrange¬ 
ment by which a measured volume 
of air is passed through a series 
of drying tubes—that is, tubes 
containing some hygroscopic sub¬ 
stance, such as calcium chloride, or 
pumice saturated with sulphuric 
acid. These tubes, having been 
previously weighed, are weighed 
again after the operation ; an in¬ 
crease of weight is observed, which 
is due to the moisture absorbed by 
the hygroscopic substance, and this 
increase represents the weight of 
the moisture in the volume of air 
taken. 

This method is very exact, but 
it is both difficult and tedious of 
execution. 

More convenient than the above 
are what are called condensation hy¬ 
grometers , in which the vapour of 
condense on a body artificially cooled. 
This may be illustrated by having a small cup of polished metal m 
which are placed some water, a lump of ice, and a delicate thermo¬ 
meter. When the vessel gradually cools in a moist atmosphere, the 
layer of ,air in immediate contact with it cools also, and a point 
is jAcmately reached at which the vapour present is just sufficient 
to saturate the air j the least diminution of temperature then 
causes a precipitation of moisture on the cup in the form of dew. 
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the atmosphere is made to 
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When the temperature rises again, the dew disappears, and the 
mean of the temperatures of appearance and disappearance is 
taken as the dew-point. The hygrometer of Dines is based on 
this principle. 

A good example of an instrument of this class is met with in 
DanielFs hygrometer. This consists of two glass bulbs at the ex¬ 
tremities of a glass tube bent twice (fig. 302). The bulb A is two- 
thirds full of ether, and a very delicate thermometer dips in it; the 
rest of the space contains nothing but the v apour of ether, the ether 
having been boiled before the bulb B was sealed. The bulb B 
is covered with muslin, and ether is dropped upon it. The ether 
in evaporating cools the bulb, and the vapour contained in it is 
condensed. The internal pressure being thus diminished, the ether 
in A forms vapours which condense in the other bulb B. In pro¬ 
portion as ether distils from the lower to the upper bulb, the ether 
in A becomes colder, and ultimately the tempera¬ 
ture of the air in immediate contact with A sinks 
to that point at which its vapour is just more than 
sufficient to saturate it, and the excess is accord¬ 
ingly deposited on the outside as a ring of dew 
corresponding to the surface of the ether. The 
temperature at which this occurs is noted by means 
of the thermometer in the inside. The addition of 
ether to the bulb B is then discontinued, the tem¬ 
perature of A rises, and the temperature at which 
the dew disappears is noted. In order to render 
the deposition of dew more perceptible, the bulb A 
is made of black glass. 

These two temperatures having been deter¬ 
mined, their mean is taken as that of the dew-point. 

The temperature of air at the time of the experi¬ 
ment is indicated by the thermometer on the stem. 

The vapour pressure, /, corresponding to the tem¬ 
perature of the dew-point, is then found in the table 
of pressures (265). This pressure is exactly that of 
the vapour present in the air at the time of the 
experiment. The pressure, F, of vapour saturated 
at the temperature of the atmosphere is found by means of the 
same table; the quotient, obtained by dividing / by F, represents 
the hygrometric state of the air. For instance, the temperature of 
the air being 15°, suppose the dew-point is 5*'. From this table 





the corresponding pressures are 6-53 millimetres, and F * 1270 
millimetres ; hence, iheihygrometric state = f)F = o'5i4, 

A very convenient form of hygrometer, and one the use of which 
is rapidly extending, is that known as the psychrometer or wet-bulb 
hygrometer, which is based on the principle that a moistened body 
evaporates in the air more rapidly in proportion as the air is drier 
(260), and, in consequence of this evaporation, the temperature of 
the body sinks. The application of the principle to this purpose 
was first suggested by Leslie. The form of the apparatus usually 
adopted in this country is due to Mason. It consists of two delicate 
thermometers placed on a wooden stand (fig. 303). One of the 
bulbs is covered with muslin, and is kept continually moist by 
being connected with a reservoir of water by means of a string. 
Unless the air is saturated with moisture, the wet-bulb thermometer 
always indicates a lower temperature than the other, and the dif¬ 
ference between the indications of the two thermometers is greater 
in proportion as the air is drier. 

According to Glaisher, the temperature of the dew-point may 
be obtained by multiplying the difference between the tempera¬ 
tures of the wet and dry bulbs by a factor which depends on the 
temperature of the air at the time of observation, and subtracting 
the product thus obtained from this last-named temperature The 
following are the numbers .— 


Dry-bulb 
temperature Y ° 

Facioj 

Dry bulb 
temperature 1 0 

> ax. tor 

Below 24" 

8'5 

341035° 

2*6 

24 to 25 

7‘3 

35—40 

2'5 

25— 26 

64 

40—45 

i 2-3 

26—27 

6 1 

45—50 

1 2 I 

27 —28 

5 9 

50—55 

20 

28—29 

5 7 

55-60 

1-8 

29—30 

5-0 

60—65 

1 r8 

30 — 3 ' 

4-6 

65—70 

17 

31—32 

36 

70—75 

1 r5 

32—33 

1 3 1 

75—80 

! * "3 

33—31 

1 2 ‘ 8 ; 

80—85 

| ro 


These are often known as Glaisher 3 s factors. The temperatures 
are expressed on the Fahrenheit scale. As an example: if the 
temperature of the wet bulb is 49 1 and that of the dry bulb 54 0 , 
then the dew-point is 44 0 —that is, at this temperature the moisture 
present in the atmosphere would be just sufficient to saturate it. 
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CHAPTER XII 

METEOROT OG 1 C VI PHENOMENA WHICH DEPFND UPON HEAT 

294 Meteorology, —Meteoiology is that branch of physics 
which is concerned with the phenomena which occur m the atmo¬ 
sphere—such, for instance, as variations m the temperature and 
pressute of the air, wind, rain, stoims, electric phenomena, etc. 

295. Mean temperature.— fhc mean daily temperature , or 
simply temperature , is that obtained by adding together 24 hourly 
observations and dividing by 24 A very close approximation to 
the mean temperature is obtained by taking the mean of the 
highest and lowest temperatures of the day and of the night, u'hich 
are determined bv means of maximum and minimum thermometers 
<221) These ought to be protected from the sun’s rays, raised 
above the ground, and be fai from all objec ts which might influence 
them by their radiation 1 lie lowest mean daily temperature is at 
4AM, and the highest at 2 p m 

1 he tempt ratine of u month is the mean of those of 30 days, and 
the temperature of a year is the mean of those of 12 months The 
highest mean monthly temperature is in July, and the lowest in 
January ’lhe temperature of a place is the mean of its annual 
tempeiature foi a gieat series of years. I he mean tempeiature of 
London is io3j J C , or to 63° F The tenvpeiatures rn all cases 
are those of the air a lew feet from the ground, and not those of 
the ground itself 

296 Causes which modify the temperature of the air —The 

principal causes which modify the tempeiature of the air are the 
latitude of a place, its height—that is, its distance above sea level— 
the direction of the wind, and the proximity of seas. 

Influence of the lahtudi l'he temperature of the air and of the 
ground diminishes from the equator towards the poles. This is 
due to the fact that the sun’s rays, which are vertical at the 
equator, are more and more inclined as we come nearer the poles. 
Now, the more acute is the angle under which the rays of heat fall 
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upon a body, the less is the body heated ; hence the heat absorbed 
decreases from the equator to the poles. Yet, as in summer the 
days are longer as we get nearer the north, the loss due to the 
increasing obliquity of the sun is partially compensated by the 
sun remaining longer above the horizon. Under the equator, 
where the length of the days is constant, the temperature is almost 
invariable ; in the latitude of London, and the more northerly 
countries, where the days are very unequal, the temperature 
varies greatly ; in summer it sometimes rises almost as high as 
under the equator. The lowering of the temperature produced 
by the change in latitude alone is small ; thus, at a distance of 115 
miles north of London the average temperature is only j° C. 
lower. 

Influence of height. The height of a place above the sea 
level has a much more considerable influence on the temperature 
than its latitude. In the temperate zone an ascent of 540 feet cor¬ 
responds to a diminution in the average temperature of t° C. 

The cooling as we ascend in the atmosphere has-been observed 
in balloon ascents, and a further proof of it is seen in the perpetual 
snows which cover high mountains, even in the torrid zone. 
The height at which snow remains unmclted through the 
year, which is known as the snow line, or line of perpetual snow, 
differs in different places. On the Andes it commences at a 
height of 14,760 feet, on the Alps at K.SSo feet, and tn Iceland at 
3,070 feet. 

Direction of winds. As winds share the temperature of the 
countries which they have trarersed, their direction exercises great 
influence on the temperature in any place. In our climate the hottest 
winds are the south, then come the south-east, the south-west, the 
west, the east, the north-west, north, and, lastly, the north-cast, 
which is the coldest. The character of the wind changes with the 
seasons : in continental Europe the east wind, which is cold in 
winter, is hot in summer. 

Proximity of sea. The neighbourhood of the sea tends to 
render the temperature of the air uniform, by warming it in winter 
and cooling it in summer. The average temperature of the sea in 
equatorial and polar countries is always different from that of the 
atmosphere. With reference to the uniformity of the temperature, 
it has been found that in temperate regions—that is, from 25 to 50 
degrees of latitude—the difference between the maximum and 
minimum temperature of a day does not exceed, on the sea, 2 0 to 
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3° C., while upon land it amounts to 12° to 15°. In islands the 
uniformity of temperature is maintained, even during the periods 
of greatest heat. In continents, on the contrary, the winters for 
the same latitudes become colder, and the difference between the 
temperatures of summer and winter becomes greater. 

297. Gulf Stream.—A similar influence to that of the winds is 
exerted by currents of warm water. The mildness of the climate in 
the north-west of Europe is usually assigned to one of these—the 
Gulf Stream. This great body of water, taking its origin in equa¬ 
torial regions, flows through the Gulf of Mexico, whence it derives 
its name ; passing by the southern shores of North America, it 
makes its w r ay in a north-easterly direction across the Atlantic, and 
finally washes the coast of Ireland and the north-west of Europe 
generally It traverses 3,000 miles in about seventy-eight days. Its 
temperature in the Gulf is about 28° C., and is generally a little 
more than 5 0 C. higher than the rest of the ocean, on which it 
floats owing to its lower specific gravity. To its influence is due 
the milder climate of western Europe as compared with that of the 
opposite coast of America ) thus, the Riser Hudson, which is in the 
same latitude as Rome, is frozen during three months in the year. 
It also causes the polar regions to be separated front the coast of 
Europe by a girdle of open sea ; and hence the harbour of Hammer- 
fest in 70° noilh latitude is open the tear round. Besides its 
influence in thus moderating climate, the Gulf Stream is an im¬ 
portant help to navigatois. 

298. Isothermal lines. When all the points on a map whose 
temperature is known to be the same are joined, curves are obtained 
which Humboldt first described, and which he called isolhirmal 
lines If the temperature of a place only \aned with the obliquity 
of the sun’s ra\s —that is, with the latitude —isothermal lines would 
all be parallel to the equatoi ; but as the tempeiature is influenced 
by many local causes, especially by the height abo\e the sea let cl 
and the distribution of land and water, the isothermal lines are 
always more 01 less curved. On the sea, howevei, they are almost 
parallel. A distinction is made between isothermal lines, isotheral 
lines , and isaihimcnal lines , wheie the mean general , the mean 
summer , and the mean winter temperatures are respectively meant. 
The maps facing pages 350, 352, and 354 represent these sets of 
lines respectively. An isothermal sotie is the space comprised 
between two isothermal lines. 

299. Climate.— By the climate of a place are understood the 
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whole of the meteorological conditions to which a place is subjected, 
its mean annual temperature, summer and winter temperatures, 
and the extremes within which these are comprised. Some writers 
distinguish seven classes of climate according to their mean annual 
temperature—a hot climate, from 30° to 25 0 C. ; a warm climate, 
from 25 0 to 20 0 C. ; a mild climate, from 20° to 15° C. ; a temperate 
climate, from 15 0 to io° C. ; a cold climate, from io° to 5 0 C.; a 
very cold climate, from 5 0 to zero ; and an arctic climate, where 
the temperature is below zero. 

Those climates, again, are classed as constant climates, such as 
the Havannah and Quito, where the difference between the mean 
summer and winter temperatures does not exceed 6° to 8°. In the 
Canary Islands the mean summer temperature is 23°'4 and that of 
winter 18 0 , so that the difference is less than 6°. Variable climates, 
such as those of Paris and London, where the difference amounts 
to from 16 0 to 20° ; and extreme climates, such as those of Pekin 
and New York, where the difference is much greater. Island 
climates are generally but little variable, as the temperature of the 
sea varies little ; and hence there is a great difference between a 
land and a sea climate (296). The former is characterised by a 
greater range of temperature than the latter. Thus the difference 
between the mean tempeiatures of summer and winter is 11° at 
Cherbourg, 15 0 at Paris, and 20° at Vienna, although they differ 
little in latitude. In the north-east of Ireland ice scarcely forms 
in winter, and the myrtle flourishes as in Portugal ; yet Ireland 
is in the same latitude as Konigsberg in Prussia, where the mean 
annual temperature is 5° C., the range being from — 3 °'S, the 
mean monthly temperature in January, to i3°’6, that of July. 
Winter in Plymouth is not colder than in Florence or Montpellier, 
yet grapes do not flourish there in the open air ; for while they can 
stand a somewhat severe cold in winter, they require a hot summer 
to become ripe. In Irkutsk in Siberia, where the ground is con¬ 
stantly frozen at a depth of three feet, oats and rye can be grown, 
for the short but hot summer is sufficient to ripen them ; while in 
Iceland, where the mean annual temperature is much higher, and 
the cold in winter is inconsiderable, no cereals can be grown, for 
the low summer temperature is insufficient to bring them to 
maturity. 

The reason of this is that the land absorbs and radiates heat 
easily; it thus becomes more easily heated and more rapidly 
cooled than the sea, which, mainly from its great specific heat (276), 
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is not so rapidly heated, but, on the other hand, does not part so 
soon again with the heat it has acquired. 

Again, part of the heat which falls on the sea is consumed in 
forming vapour on the surface 

But the temperature is by no means the only characteristic which 
influences the climate of a place , there is, in addition, the influence 
of aqueous vapour in the air m the neighbourhood of seas, and 
particularly that of clouds, which are more frequent near coasts ; 
they temper the ardour of the sun by day, and dimmish the loss of 
heat which the earth experiences by radiation at night To these 
climatic influences must be added the quantity and frequency of 
ram, the number of storms, the direction and intensity of the winds, 
and the nature of the soil 

300 Fogs and mists.—When aqueous vapour, rising from a 
tessel of boiling water, diflfu-.es in the colder air, it is condensed , 
a sort of cloud is formed, which consists of a number of minute 
droplets of water, which remain suspended in the air These 
are usually spoken of as \apour, yet they are not so, at any rate 
not m the physical sense of the word , they are, in reality, con¬ 
densed vapotu, but, from the minute weight of the individual 
particles m comparison with their great surface, they cannot over¬ 
come the comparatively great resistance of the an,sink very slowly, 
and are even driven upwards by the lightest curient of air 

When this condensation of aqueous vapour is not produced by 
contact with cold solid bodies but takes place throughout large 
regions of the atmosphere, the cflcct is to form fogs or mist*, which 
in fact arc nothing more than the appearance seen over a vessel of 
hot water 

A chief cause of fog consists in the nnust ground being at a 
higher temperataie than th* an Such fogs arc of frequent occur¬ 
rence m autumn She vapours which then rise, condense and 
become visible In all cases, however, the air nm-t have itached 
its point of saturation before condensation takes place Fogs are 
also produced when a uurent oi hot and moist air passes overland 
or water at a lowei temperature than its own, for then, the air being 
cooled, as soon as it is satuiated, the excess of vapour present is 
condensed In this way arc formed the •u.'tnhr fags 

The distinction between mists and fogs is one of degiee rather 
than of kind A fog is a very thick nnst 

When water is coated with a layer of coal-tar, it is prevented 
from evaporating. Frankland ascribed the dry fog met with in 
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London to the large quantities of coal-tar and paraffine vapour 
which are sent into the atmosphere, and which, condensing on the 
particles of fog, prevent their evaporation. 

Aitkin has shown that aqueous vapour never condenses unless 
some liquid or solid is present on which it is deposited. Particles 
of dust in the air which are always present though invisible are the 
nuclei for clouds and fogs. This he showed by passing steam into 
air which had been filtered by passing through cotton wool ; it 
remained quite clear, while a turbidity was produced under the 
same circumstances in unfiltered air. The density of the cloud 
was found to depend on the number of particles of dust in the air. 
A most abundant source of dust is the combustion of coal. The 
sulphur in the coal in burning also forms sulphurous acid, which, 
though a gas, is found to act as a nucleus, as in its formation it 
probably carries with it some excessively minute particles of un- 
burnt sulphur. 

301. Clouds .—Clouds are masses of vapour condensed into 
water particles of extreme minuteness, like fogs and mists, from 
which they differ only in occupying the higher regions of the atmo¬ 
sphere ; they always result from the condensation of vapour which 
rises from the earth or the sea. There is no essential difference 
between a fog and a cloud ; a cloud is a fog at a great height ; a 
fog is a cloud low down or on the ground. An observer in a valley 
sees the peak of a mountain enclosed by a cloud, while one on the 
summit sees himself surrounded by a fog. According to their 
appearance, they have been divided by Howard into four principal 
kinds : the nimbus, the stratus, the cumulus , and the cirrus. These 
four kinds are represented in fig. 304, and are designated respec¬ 
tively by one, two, three, or four birds on the wing. 

The cirrus consists of small whitish clouds, which have a fibrous 
or wispy appearance. The name of mares'-tails, by which they are 
generally known, well describes their appearance. Of all clouds 
these are the highest, for they present the same appearance on the 
tops of high mountains as they do in valleys. Their height has 
been determined at about 27,000 feet. From the low temperature 
of the spaces which they occupy, it is more than probable that 
cirrus clouds consist of frozen particles; and hence it is that 
halos, coronae, and other optical appearances, produced by refrac¬ 
tion and reflection from ice-crystals, appear almost always in these 
clouds and their derivatives, more particularly cirro-stratus. Their 
appearance often precedes a change of weather. 
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Cumulus clouds are rounded forms which look like mountains, 
piled one on another, and are also known as woolpack cloud . 
They are more frequent m summer than in winter, and, after being 
formed in the morning, they generally disappear towards evening 
If, on the contrary, they become more numeious, and especially 
if surmounted by cirrus clouds, ram or storms may be expected. 
Their height varies from 4,450 to 5,190 feet 

Stratus clouds consist of very large and continuous horizontal 
sheets, which chiefly form at sunset, and disappear at sunrise. They 
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are frequent in autumn and unusual in springtime, and are lower 
than the preceding The height is about 680 yauls The stratus 
is generall) a hne-weather cloud 

The nimbus or rain clouds, which are sometimes classed as one 
of the fundamental varieties, are properly a combination of the 
three preceding kinds Ihey affect no particular form, and are 
solely distinguished by a uniform grey tint and by fringed edges 
They are indicated on the right of the figure b> the presence of 
one bird Their height varies from about 5,600 to 7,000 feet 

The fundamental forms pass into one another m the most varied 
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zniuiner; Howard has classed these transitional forms as cttro* 
cumulus, cirro-stratus, and cumulo-stratus, and it is often very 
difficult to tell, from the appearance of a cloud, which type it most 
resembles. The cirro-cumulus is most characteristically known as 
a ‘mackerel sky it consists of small roundish masses, disposed 
with more or less regularity and connection It is frequent in 
summer, and attendant on warm and dry weather Cirro-stratus 
appears to result from the subsidence of the fibres of cirrus to a 
horizontal position, at the same time that they approach each 
other laterally. The form and relative position when seen in the 
distance frequently gn e the idea of shoals of fish. The tendency 
of cumulo-stratus is to spread, settle down into the nimbus, and 
finally fall as rain. 

The height of clouds varies greatly, being much higher in 
summer than winter. Gay-Lussac, in his balloon ascent, at a 
height of 23,000 feet observed cirrus clouds above him, which 
appeared still to be at a considerable height In Ethiopia M 
d’Abbadie observed storm clouds whose height was only 690 feet 
above the ground 

In order to explain the suspension of clouds in the atmosphere 
Halley supposed that clouds are formed of an infinity of extremely 
minute vesicles, hollow', like soap-bubbles, filled with air which is 
hotter than the surrounding an „ so that these vesicles float in the 
air like so many minute balloons At present 11 is held that clouds 
and fogs consist of extremely minute dioplets of vvalei, which are 
retained in the atmosphere by the ascensional force of rurrents of 
hot air, just as light powders are raised by the wind Ordinarily, 
clouds do not appear to descend, but this absence of downward 
motion is only apparent In fai t, clouds do usually fall slowly, but 
then the lower part is continually dissipated on coming in contact 
with the lower and more heated layers at the same time the upper 
part is always increasing from the condensation of new vapours, 
so that from these two actions clouds appeal to retain the same 
height. A cloud, indeed, is not something fixed and unchanging ; 
it exists only m its formation and in its cessation , it is not a pro¬ 
duct but a process At night when there are no ascending currents 
the clouds do seem to fall 

302. Formation of clouds. —Many causes may concur m the 
formation of clouds. 

i. The low temperature of the higher regions of the atmosphere.* 
For, owing to the solar radiation, vapour is continually being dis- 



engaged from the earth and from water, and from its small density 
rises in the atmosphere ; meeting there continually colder and 
colder layers of air, it becomes saturated, and then, condensing m 
extremely minute droplets, gives rise to clouds 

n. The hot and moist currents of air rising during the day 
undergo a gradually lower pressure, and in expanding are cooled 
and the water vapour they carry with them is condensed Hence 
it is that high mountains, arresting the currents of air, and forcing 
them to rise, are an abundant souice of rain 

This is well seen in Portugal, where the south-west winds of the 
west of Europe are foired upward by the Sierra d Estiella, so that 
at Coimbra on the umdwaul side the rainfall (303) is 119 inches, 
while in the region of the Iagus it is 16 inches 

111 A hot, moist cut rent of air mixing with a cold current 
undergoes a cooling, which brings about a condensation of the 
vapoui Thus the hot and moist winds of the south and south west, 
mixing with the coldei air of oui latitudes, gives ram The winds of 
the north and north east tcnd'also, in mixing with our atmosphere, 
to condense the \apours , but as these winds, owing to their low' 
temperatuie, are vciydry,the mixture rarely attain saturation, and 
generally gives no min 

303 Rain —Vi hen the individual v apour particles become larger 
and heavier by the constant condensation of aqueous vapour, and 
when finally individual particles unite, they form regular drops, 
whveh fall as rain At gieat heights lamdropx are very' small, but 
they become larger as they fall, foi, from their low temperature, 
they condense on then surfaie the aqueous vapoui of the lavers of 
air through which they fdl 1 he quantity of tain which falls 
annually in any given place, 01 the annual rainfall, is measured by 
means of a raw gauge or pluvionieter 

I he simplest form of run gauge consists of a funnel (fig 305; 
which has a certain definite area, 12 square inches foi example, 
and which fits in a bottle Hie ram which falls on this area 
is collected in the bottle, and the quantity which has fallen during 
the period of observation is measured by means of a graduated 
glass Thus, if in 24 hours the quantity collected measures 2 3 fluid 
ounces, that is, 4 cubic inches, and if the area of the funnel 
is 12 inches, this represents a rainfall of one-third of an inch m 
24 hours. The funnel and bottle are usually enclosed in a metal 
cylinder which is taller than the funnel, so as to retain any snow 
which may fall. 
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Man)’ local circumstances may affect the quantity of r*«i which 
falls m different countnes 4 but, other things being equal, most ram 
fells m hot climates, for there the evaporation is most abundant 
The rainfall decreases, m fact, from the equator to the Poles. At 

London the annual rainfall is 23-5 
inches; at Bordeaux it i s 25 -g. 
at Madena it is 27 7; at Havannah 
it is 91 2 , and at St Domingo it 
is 107 6 1 he quantity varies mth 

the seasons , in Pans, in Winter it 
is 4 2 inches , in spring, 5-9 • m 
summer, 6 3 , and in auturpn, 4 8 
inches l he hcivicst annual ram- 
tall at any place on the globe is on 
the Khasi Hills in Bengal, where 
it is6oo inches , of which 500inches 
fall in seven months On July i f 
1851, a rainfall of 25$ inches on 
one da> was observed at Cherrapoonjee At Kur,tehee, ]n the 
north-west of India, the lainfal! is only 7 inches 

u'nclei similar conditions the quantity of rain diminishes 
with the distance from the sea Ihus, if the annual rainfall is i m 
the centre of German), it is 1 2 in the centre of Lngland ar,d 1 75 
on the English coasts 'the rainfall increases with the height 
above the sea level, for mountains product rain when they driest a 
current of moist an (300) 

The driest place m England is Lincoln, with a rainfall of 20 
inches, and the wettest Slyehead Pass in Lumbeiland, uImre the 
rainfall is 165 inches 

An inch of ram on a square yard of surface iepiesen| S 468 
pounds, or 4 68 gallons On an acre it coricsponcls to 22,900 
gallons, or 101 tons 100 ions per inch per acn is a teady way of 
remembering this 

304 Dew. Hoar frost.— Deu is merely aqueous vapour which 
has condensed on bodies during the night in the form of minute 
globules It is occasioned by the chilling w'hich bodies near the 
surface of the earth experience in consequence of the radiation at 
night Their temperature having then sunk several degrees below 
that of the air, it frequently happens, especially in hot seasons, 
that this temperature is below that at which the atmosphere is 
saturated The layer of air which is immediately in contact with 



the chilled bodies, and which has virtually the same temperature, 
then depositsa portion of the vapour which it contains, just as when 
a bottle of cold water is brought into a warm room it becomes 
covered with moisture, owing to the condensation of aqueous vapour 
upon it. 

According to this explanation, which was first given by Dr. 
Wells in 1812, all causes which promote the cooling of bodies 
increase the quantity of dew. These causes are the emissive 
power of bodies, the state of the sky, and the agitation of the ait. 
Bodies which have a great radiating power become cool more 
readily, and therefore ought to condense more vapour. In fact, there 
is generally no deposit of dew on metals, whose radiating power is 
very small, especially when they are polished ; while the ground, 
sand, glass, and plants, which have a great radiating power, become 
abundantly covered with dew. On some plants, for instance, not 
merely are droplets of dew formed, hut regular layers of water. 

The state of the sky also exercises a great influence on the 
formation of dew. If the sky is cloudless, the planetary spaces 
send to the earth an inappreciable quantity of heat, while the earth 
radiates very considerably, and therefore, becoming very much 
chilled, there is an abundant deposit of dew. Hut if there are 
clouds, as their temperature is far higher than that of the planetary 
spaces, they radiate in turn towards the earth, and, as bodies on 
the surface of the earth only experience a feeble chilling, no deposit 
of dew takes place. 

Wind also influences the quantity of vapour deposited. If it is 
feeble, it increases if, inasmuch as it renews the air; if it is strong, 
it diminishes it, as it heats the bodies by contact, and thus it does 
not allow the air time to become < ooled. Finally, the deposit of 
dew is more abundant according as the air is moister, for then it 
is nearer its point of saturation. 

In those countries of the hot zones which are near the sea, dew 
may replace rain, as in Peru and Chili; in the interior of great 
continents it is infrequent. In England, in the course of the year, 
it is equivalent to rj inch of rainfall. 

We must distinguish between the dew formed in consequence of 
lowering of temperature by radiation, and the deposit formed by 
warm moist air passing over a cold wall ; in mild weather this 
deposit forms a liquid, and in severe weather a snowy or icy coat¬ 
ing. A deposit of this kind is most abundantly found on good 
conductors, as they carry away the heat fastest. 



Hoarfrost and rimt are nothing more than dew which has been 
deposited on bodies cooled below zero, and has therefore become 
frozen, The flocculent form which the small crystals present of 
which rime is formed shows that the vapours solidify directly with¬ 
out passing through the liquid state. Hoar frost, like dew, is formed 
on bodies which radiate most, such as the stalks and leaves of 
vegetables, and is chiefly deposited on the parts turned towards 
the sky. 

305. Snow. Sleet .—Snow is watei solidified in stellate crystals 
variously modified, and floating in the atmosphere. These crystals 
arise from the congelation of the minute particles which constitute 
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the clouds, when the temperature of the latter is below zeio. They 
are more regular when formed m a calm atmosphere. Then form 
maybe investigated by collecting them on a black'surface, and 
viewing them through a strong lens They eshibu exquisite regu¬ 
larity and at the same time \ ariety of form. Fig. 306 shows some 
of the forms as seen through a microscope from the observations 
of Dr. Glaisher. 

It snows most in countries near the poles, or in such as are 
high above the sea level. Towards the poles, the earth 1$ 
constantly covered with snow ; the same is the case on high 
mountains, where there are perpetual snows even m equatorial 
WtWtWS. 
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One foot of snow may, with sufficient accuracy, be taken as 
equal to one inch of rain. 

Sleet is also solidified water, and consists of small icy needles 
aggregated together in a confused manner. Its formation is 
ascribed to the sudden congelation of the minute globules of the 
clouds in an agitated atmosphere. 

When in consequence of severe frost the ground is cooled 
below zero, and a thaw sets in, the moist air passing over the 
ground deposits its moisture, which is converted into a continuous 
sheet of ice ; this is known as glazed frost (the French verglas ); 
it may also occur when raindrops which have been cooled below 
zero in the higher regions of the air, and are accordingly in a 
state of superfusion, fall on the ground which may even be above 
the Freezing-point. 

306. Hail.-- Hail < onsists of masses of compact ice of diffeient 
sizes, which fall in the atmosphere. In our climate hail falls 
principally during spring and summer, and at the hottest times of 
the day ; it raiely falls at night. The fall of hail is always pie- 
ceded by a pccuhai noise. Hail is generally the precursor of 
lain storms ; it seldom accompanies them, and follows them more 
larely still, especially if the ram has lasted for some time. Hail 
clouds seem generally to lie \er) low. 

The regions m which a hail storm 
occurs form in most cases a long 
narrow stnp. A hailstone, fig 307, 
consists of a core of compressed 
snow, which is suirounded by con¬ 
centric layers of ice. Hailstones 
fall from the size of small peas to 
that of a sphere two inches in 
diameter. Their temperature is from 
— o - 5 to -4 0 C. The formation of hail, and more especially the 
great size of hailstones, have never been altogether satisfactorily 
accounted for. While snow sometimes falls for days together, hail 
storms seldom last longer than a quartei of an houi, and they are 
also far less frequent. Had is always accompanied by some elec- 
tricaWdisturbance in the atmosphere. 

307. Direction and velocity of winds.— Winds are currents 
moving in the atmosphere with variable directions and velocities. 

The direction of the wind is determined by means of vanes, and 
its velocity by means of the anemometer. There are several forms 
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of this instrument. The most usual consists of a small vane with 
fans, which the wind turns ; the velocity is deduced from the num¬ 
ber of turns made in a given time, which is measured by means 
of an endless screw and wheelwork That most commonly used 
in this country, and represented m fig. 308, is known as Robinson's 
anemometer. It consists of a metal cross with hemispherical cups 
at the ends, and fixed to an axis The motion of this cross is trans¬ 
mitted by means of an endless screw to a tram of wheelwork ; and 
from the number of turns made in a given time, which is indicated 
by the pointers, the velocity of the wind is deduced In our 
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climate the mean velocity is from j8 to 20 feet in a second With 
a velocity of 6 or 7 feet, the wind is moderate ; with 30 or 35 
feet, it is fresh ; with 60 or 70 feet, it is strong ; with a velocity of 
85 to 90 feet, it is a tempest, and from 90 to 120 it is a hurricane. 
The velocity of a wind may, under appropriate circumstances, 
be measured by observing the time which the shadow of a cloud 
takes to pass over a field, or an> space the dimensions of whudi are 
known. 

308. Castes of winds. —Winds are produced by a disturbance 
of the equilibrium in some parts of the atmosphere—a disturbance 
always resulting from a difference m temperature between adjacent 
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countries, Thus if the temperature of a certain extent of ground 
becomes higher, the air in contact with it becomes heated, it 
expands, and rises towards the higher regions of the atmosphere ; 
whence it flow's, producing upper currents which blow from hot to 
cold countries. But at the same time the equilibrium is destroyed 
at the surface of the earth, for the barometric pressure on the colder 
adjacent parts is greater than on that which has been heated, and 
hence a current will be produced with a velocity dependent on the 
difference between these pressures ; thus two distinct winds will be 
produced, an upper one setting outward's from the heated region, 
and a lower one setting inwards towards it. 

309. Regular, periodic, and variable winds.—According to the 
more or less constant dnections in which winds blow, they may be 
classed as regular, periodic, anti raiiable. 

i. Regular winds are those which blow all the year through in 
a virtually constant direction. These winds, which are also known 
as the trade winds, are, far from the land in equatorial regions, 
observed to blow uninterrupted!) from the north-east to the south¬ 
west in the Noithern Hemisphere, and from the south-east to the 
north-west in the Southern Hemisphere. They prevail on the two 
sides of the equator as far as 30 of latitude, and they blow in the 
same direction as the apparent motion of the sun ; that is, from 
east to west. 

The air above the equator, being gradually heated, rises as the 
sun passes round from east to west, and its place is supplied by 
the colder air from the north or south The direction of the wind, 
howevei, is modified by this fact: that the velocity which this 
colder air has derived from the rotation of the earth—namely, the 
velocity of the sutfaoe of the earth at that point from which it 
started—is less than the velocity of the surface of the earth at the 
point at which it has now arrived ; hence the currents acquire, in 
reference to the equator, the constant directions stated above. 

11. Periodic winds are those which blow regularly in the same 
direction, at the same seasons, and at the same hours of the day ; 
the monsoon, simoom, and the land and sea breeze are examples 
of this class. The name monsoon is given to winds which blow 
for.six months in one direction, and for six months in another. 
They are principally observed in the Red Sea and in the Arabian 
Gulf, in the Bay of Bengal, and in the Chinese Sea. These winds 
blow towards the continents in summer, and in a contrary direc¬ 
tion in winter. The simoom is a hot wind which blows over the 



deserts of Asia and Africa, and is characterised by its high 
temperature and by the sands which it raises in the atmosphere 
attd carries along with it During the prevalence of this wind the 
air is darkened, the skin feels dry, the respiration is accelerated, 
and a burning thirst is experienced. 

This wind is known under the name of sirocco in Italy and 
Algiers, where it blows from the great desert of Sahara. During 
its prevalence people remain at home, the windows and doors 
being carefully closed. In Egypt where it prevails from the end 
of April to June, it is called kamsin, from a w ord signifying fifty ; 
for it lasts ordinarily 50 days ; 25 l>efore the spring equinox, and 
25 after. When caravans are surprised by this wind, men cover 
their faces with thick cloths and camels turn their back to the 
torment. The natives of Africa, in order to protect themselves 
from the effects of the too rapid perspiration occasioned by this 
wind, cover themselves with fatty substances. 

The land and sea breeze is a wind which blows on the sea coast 
during the day from the sea towards the land, and during the night 
from the land to the sea. For during the day the land becomes 
more heated than the sea, in consequence of its lower specific 
heat (276) and its greater conductivity, and hence, as the air above 
the land becomes more heated than that mer the sea, it ascends 
and is replaced by a current of colder and denser air flowing from 
the sea towards the land. During the night the land cools more 
rapidly than the sea, and thus the same phenomenon is produced, 
but in the opposite direction. The sea breeze commences after sun¬ 
rise, increases to three o'clock in the afternoon, decreases towards 
evening, and is changed into the land breeze after sunset. These 
winds are only perceived at a slight distance from the shores. 
They are regular in the tropics, but less so in our climate ; and 
traces of them are seen as far as the coasts of Greenland. They 
are even observed on the shores of such inland lakes as that of 
Constance; and still more markedly in the great American lakes. 
The proximity of mountains also gives rise to periodic daily 
breezes. In like manner the open country is warmer during the 
day than an adjacent forest, while the reverse is the case at night. 
Hence at night there is a slight breeze from the forest towards the 
Open, and during the day from the open country towards the 
forest 

iii. Variable winds are those which blow sometimes in one 
direction and sometimes in another, without being subject to any 
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law. In mean latitudes the direction of the winds is very variable , 
towards the poles this irregularity increases, and under the arctic 
zone the winds frequently blow from several points of the honzon 
at once. On the other hand, in approaching the tornd zone they 
become more regular The south-west wind prevails in the north 
of France, in England, and m Germany , in the south of France 
the direction inclines towards the north, and in Spain and Italy the 
north wind predominates 

310 Law of the rotation of winds. —Notwithstanding the 
great irregularity which characterises the direction of the winds in 
our latitudes, it has been ascertained that the wind has a prepon¬ 
derating tendency to veer round according to the sun s motion ; 
that is, to pass from north, through north-east, east, south east, to 
south, and so on round in the same direction from west to north 
that it often makes a complete circuit in that direction, or more 
than one m succession occupying many davs in doing so, but that 
it rarely veers and vers 1 irely ur never makes a complete circuit 
in tin opposite dnection for a station in south latitudes a 
contrary law of rotation prevails 

This law, though more or less suspected for a long time, was 
first formalh mummed and explained by Dove, and is known as 
Dovds l mu oj tJn rotation uj wind* 

311 Weather charts V c onsiderable advance has been made 
in weather forec asts hv th< fit quint mil systematic publication of 
wait fur , harts , that is to sn maps in which the barometric 
pressure the temperature (he tone of the wind, etc , are expressed 
for umstderihli areas in in exact and comprthensivt manner 
A careful study of such maps rendus possible a forecast of the 
weathu for a day or mine in advance \\ t can here do little 
more than explain the meaning of the principal terms in use 

If lines ate drawn thiough those places on the earth’s surface 
where the coneeicd batumctiu height at a given time is the same, 
such lines are called 1 sohnromctru lines, or, moic briefly, tsobaru 
lines, or isobars Between any two points on the same isobar there 
is no diffeience of pressuie Isobars are usuallv drawn for a dif¬ 
ference of t \t of an inch 

Suppost A and B to be points on two isobars, the pressure 
being greater at A than at B If A B be joined, and a line, A C, 
be drawn perpendicular to A B and of such a length as to repre¬ 
sent on any suitable scale the difference in pressure between the 
two places, the steepness of the line C B, or the ratio of C A to A B, 



Is a measure of the fall in pressure between the two stations, and 
is called die barometric gradient. Gradients are usually expressed 
in England and America in hundredths of an inch of mercury for 
one degree of sixty nautical miles, and on the Continent m milli¬ 
metres for the same distance The closer are the isobars the 
steeper is the gradient, and the more powerful the wind ; and 
though no exact numerical relationship can be proved to exist 
between the steepness of the gradient and the force of the wind, it 
may be mentioned that a gradient of about 6 represents a strong 
breeze ; and a gradient of 10, or a diffeience in pressure of ^ of 
an inch for 60 miles, is a stiff gale 

The direction of the wind is from the place of higher pressure 
to that of lower, and in reference to this the law of Buys Ballot 
may be mentioned, which has been found to hold in all cases in the 
Northern Hemisphere, where local configuration does not come 
too much into play If we stand with our back to the wind the line 
of Unver pressure is on the left hand For places in the Southern 
Hemisphere exactly the opposite law holds 

If within any area the pressure is lower than outside it, the wind 
blows round that area, the place of lowest pressure being on the 
left. The direction of the wind is, in short, the opposite of that 
of the hands of a watch Such a circulation is called tyelonu , it 
is that which is chaiacteristic of the West Indian hurricanes, which 
are known as tydoncs Conversely the wind blows lound an aiea 
of higher pressure in the same direction as the hands of a watch 
and this circulation is called antnydonu 

Cyclonic systems are by far the most frequent, and are charac¬ 
terised by steep gradients , the air in them tends to move in towards 
the centre, and thence to the upper regions of the atmosphere 
They bring with them, over the greater part of the region which 
they cover, much moisture, an abundance of cloud, and heavy 
ram. Anticyclomc systems have the opposite characteristics , the 
gradients are slight, and the wind is light The air is dry, so that 
there is but little cloud, and no rain Cyclonic systems, from the 
dampness of the air, produce warm weather in winter, and cold 
wet weather in summer. Anticyclomc systems bring our hardest 
frosts in winter and greatest heat m summer, as there is but 
ltttle moisture m the air to temper the extremes of climate. 
Both systems travel over the earth’s surface, the c> clones rapidly, 
the anticyclones more slowly. 
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CHAPTER XIII 
SOURCES Ot HEAT AND COLD 

312 Different sources of heat. —The following different sources 
of heat may be distinguished . 1. the mechanical sources, comprising 
friction, percussion, and pressure ; 11. the physical sources —that 
is, solar radiation, terrestrial heat, molecular actions, changes of 
condition and electricity , 111. the chemical sources, or molecular 
combinations, and moie especially combustion. 


MECHANICAL SOURCES 

313. Heat due to friction.—The friction of two substances, one 
against the other, produces heat, which is greater the greater the 
pressure and the more rapid the motion For example, the axles 
of carriage wheels, by their friction against the boxes, often become 
so strongly heated as to set fire to wood in icntact with them, as, 
for instance, the nave 1>\ rubbing together two pieces of ice in an 
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exhausted receiver at a temperature below zero. Sir H. Davy 
partially melted them. In boring a brass cannon, Rumford found 
that the heat developed in the course of 2i hours was sufficient to 
raise 26 J pounds of water from the freezing to the boiling point. 
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This may be well illustrated by an experiment {fig. 309) devised 
by TyndalL A brass tube, 6 , closed at the bottom, about 4 inches 
long and less than an inch in diameter, fits on the whirling table (33), 
having been three-quarters filled with cold water, and corked. If 
now it be clasped by a sort of wooden squeezer in which there are 
two semicircular grooves, and then be made to rotate, the heat 
developed by the friction is sufficient to boil the water and expel 
the cork by which it is closed. This experiment is easier to 
perform with alcohol, which has a smaller specific heat and a 
lower boiling-point than water. 

The ignition of a lucifer match ; the increased temperature 
observed in the tools which have been used for sawing, for boring, 
for filing, and the like ; the warmth produced by rubbing the hands 
together, are all instances of the production of heat by friction. 

An iron drag is known to have become so heated that water 
hissed when dropped on it ; to the heat produced in friction are 
due the hot bearings of railway carnages, the temperature of which 
is sometimes sufficiently high to set fire to them. 

Shooting stars, too, are probably small planetary bodies which 
get within the sphere of the attraction of the earth, and in falling 
towards it are raised to incandescence by friction against the 
atmosphere, and by the heat produced by the compression of 
the air. 

314. Heat due to pressure and percussion.—If a body be 
compressed, its temperature rises as the \olume diminishes. In 
solids and liquids, which are but little compressible, the dis¬ 
engagement of heat is not great, though Joule verified it in the 
case of water and of oil, which were exposed to pressures of 15 
to 35 atmospheres. Similarly, when weights are laid on metal 
pillars, heat is e\olved, and is absorbed when they are removed. 

The production of heat by the compression of gases is easily 
shown by means of the pneumatic syringe (fig. 310;. This consists of 
a glass tube w ith thick sides, closed hermetically by a leather piston. 
At the bottom of the piston there is a cavit), in which a small 
piece of tinder is placed. The tube being full of air, the piston is 
suddenly plunged downwards ; the air thus compressed disengages 
sufficient heat to ignite the tinder, which is seen to burn when 
the piston is rapidly withdrawn. The inflammation of the tinder 
in this experiment indicates a temperature of at least 300°. At the 
moment of compression a bright flash is observed, which was 
Originally attributed to the high temperature of the air; but 
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it is simply due to the combustion of the oil which greases the 
piston. 

Percussion is also a source of heat, as is observed in the sparks 
which are thrown off by horses in trotting over a hard pavement 
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or over a flinty road, and in striking steel against a flint. In firing 
a shot at an iron target, a sheet of flame is frequently seen at the 
moment of impart. A small pie<c of iron hammered on an anvil 
becomes very hot, and it is stated that in this way a skilful black¬ 
smith van raise a pits e of iron to redness. 

315. Mechanical equivalent of heat. These experiments and 
numerous others show that there is an intimate connection between 
motion and beat. Whenever the motion of a body is stopped, 
whether suddenly, as by impact, ot gradually, as in the case of 
friction, there is in all cases a disengagement of heat ; the motion 
of the mass is transformed into a motion of the ultimate particles 
or molecules of which the body is made up, and the energy of this 
motion is what constitutes beat 211 ■. In like manner, whenever 
work is done a quantity of heat is expended ; the most striking 
example of this is the steam-engine, where die heat produced by 
the burning of the coal is transformed into the motion of the engine 
itself, and of the machmeiy which it drives. If we compare the 
quantity of heat which is produced by burning a certain weight of 
combustible with the heat which leaves the engine in the con¬ 
densing w'ater (282], and make allowance for loss by radiation 
and conduction, there is a deficit which is represented by a trans¬ 
formation of a certain portion of the heat into work. 

Not only am it be shown experimentally that there is such a 
transformation, but it has been established beyond the shadow of 
a doubt that there is a definite numerical relation between the two; 
this is one of the greatest scientific achievements of the nineteenth 
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century, and has led to the most important consequences. The 
honour of this magnificent discovery is due to Mayer in Germany 
and to joule in England, and it is the experimental researches of 
the latter that first fully established the law. The simplest of his 
experiments was made by means of a brass vessel, 11 (fig. 311), 
provided with a brass paddle-wheel (indicated by the dotted lines), 
which could be made to rotate about a vertical axis. The water 
was prevented fiom being w hirled round by fixed obstructions, 
through which, howevei, the paddles could pass. Two weights, E 
and F, were attached to cords which passed over the pulleys, C 
and D, and were connected with the axis A. These weights in 
falling cause the wheel to route. The height of the fall, which 
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in Joules CNpenmcnts was about 63 lect, was indicated on the 
scales G and H 

The roller A was so constructed that by detaching a pin the 
weight could be raised without moving the wheel The vessel B, 
containing a definite weight of water at a known temperature, was 
placed on a stand and the weights allowed to sink When they 
had reached the ground, the roller was detached from the axis, and 
the wights again raised, the same operations being repeated twenty 
times. As the weight was allowed to fall, it put the paddle in 
motion, and the friction against the water thus produced raised its 
temperature. Knowing the weight of the water and the rise of 
temperature, mid making certain necessary' corrections, it was 
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easy to deduce the quantity of heat produced by the friction of the 
paddles in consequence of a given weight falling through a known 
height. 

Experiments have been made by other methods, and the general 
result arrived at is that the amount of work required to raise a 
weight of one pound through 1,400 feet, or, what is the same thing, 
1,400 pounds through one foot, or 1,400 foot-pounds , is equivalent 
to the amount of heat required to raise one pound of water through 
one degree Centigrade or one thermal unit. 

This number is called the meihanital equivalent of heat ; it is 
really the expiession in terms of mechanical units 1 foot-pounds) of 
the equivalent of one theimal heat unit (one pound-degree Centi¬ 
grade of heat). It is commonly known as foulds equivalent , and 
denoted by the lettei J. In French books the reciprocal of J 
is often employed, that is, the thermal 
equivalent of the unit of work. 

The principle that there is an invari¬ 
able ratio in whith woik is transformed 
into beat, and, conversely, in vvhuh beat 
is tiansformed into vvoik, is known as the 
principle of the <qttn ahmc of heat and 
work'. 

316. Solar radiation. — '1 he most 
powerful of all sources of heal is the sun 

Various attempts have been made to 
determine the quantity of heat which the 
sun emits Pouilkt invented an apparatus 
which he called a pirhchonieter lig. 312,. 

It consists of a flat metal cylinelei 01 bos, 
containing mercury. In this is mttoduced 
the bulb of a themionictei, the stem of 
which is protected by a piece of brass 
tubing. By means of a collar and screw, 
the instrument may be attached to a 
stake. The face of the cylinder, which 
is turned to the sun, is coated with 
lamp-black ; a disc is fixed to the stem, the object of which 
is to insure that the sun's rays fall perpendicularly on the 
blackened face of the cylinder ; this is attained by turning the 
instrument so that the shadow of the cylinder exactly covers 
the disc. From observations made with this apparatus, Pouillet 
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cateulated that if the total quantity of heat which the earth receives 
from the sun in the course of a year were employed to melt ice, it 
would be capable of melting a layer of ice all round the earth of 
35 yards in thickness. But simple calculation shows that from the 
surface which the earth exposes to the solar radiation and from the 
distance which separates the earth from the sun, the quantity of 
heat which the earth recehes is less than one part in two thousand 
millions of the total heat emitted by the sun. 

317. Terrestrial heat.—Oui globe possesses a heat peculiar 
to it, which is called terrestrial heat. The temperature of the 
earth below the surface of the ground % anes w ith the seasons down 
to a certain depth, at which it remains constant in all seasons. It 
is hence concluded that the sun’s heat does not penetrate below a 
certain internal layer, which is called the layerofconstant tempera¬ 
ture. The depth of this layer below the caith’-, surface varies, of 
course, in dififeient parts of the globe at Parts it is about 30 yards, 
and the temperatuic is constant at 1 fS° C. 

Below the laser of constant tempeiature, the temperature is 
observed to increase, on the aterage, i c C. for every 90 feet. This 
increase has been \cnfied in mines and artesian wells (103). 
According to this, at a depth of 3,000 yards, the temperature of the 
corresponding layer would l>c too°, and at a depth of 20 to 30 miles 
there would be a teniperatuie sufficient to melt all substances which 
exist on the surface. Hot sptings and iuli anoes tonfirm the exist¬ 
ence of this central heat. 

In the Mom Cenis tunnel, obsenutions at a point in the 
interior, over which was a mass of rock 5,080 feet in thickness, 
showed an increase of 1 0 for 164 feet. 

Since the temperature decreases fiom the intei ioi to the ex¬ 
terior, there must be a constant loss from the surface Owing to 
the low conducting power of the earth, this cooling is very slow ; it 
has been estimated that the cooling due to this cause would not 
amount to i° in a million years. 

318. Chemical combination. Combustion.—'\\ henever two 
bodies unite, in virtue of their reciprocal affinity, this operation is 
known as the act of chemical combination. Chemical combinations 
are usually accompanied by a certain elevation of temperature. 
When these combinations take place slowly—as wffien iron oxidises 
in the air, and produces rust—the heat produced is imperceptible ; 
but if they take place rapidly, the disengagement of heat may be 
very intense The same quantity of heat is produced in both cases, 
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but when evolved slowly it is dissipated as fast as it is formed, and 
no increase of temperature can be perceived. 

Combustion is chemical combination attended with the disen¬ 
gagement of light and heat. In the ordinary combustion in lamps, 
fires, candle, etc., the carbon and hydrogen of the coal or of the oil 
combine with the oxygen of the air, giving rise to aqueous vapour, 
carbonic acid, and other volatile products which are given off as 
smoke. The old expression that fire destroys everything is incorrect. 
It destroys nothing: it simply puts certain elements at liberty to 
unite with others it decomposes , but at the same tune produces. 
A body in being burned is transformed, but its substance is not 
destroyed. 

Many combustibles bum \\ ith flame A flame is a gas 01 vapour 
raised to a high tempciatuie by combustion Its illuminating 
power varies with the nature of the products formed The pre¬ 
sence of a solid body in the fl.une increases the illuminating power. 
The flames of hydrogen and carbonic oxide gases and of alcohol 
are pale , they only contain gaseous piodurts of combustion But 
the flames of candles, lamps, and toal gas have a high illuminating 
power They one tins to the fact that the high tcmpeiattire pro¬ 
duced decomposes certain 
of tile gases with the pio 
duction of i vrbon, which, 
not being r (icrfei th oxidised, 
becomes white hot in the 
flame Coal gas, win n burnt 
in an arrangement by which 
it obtains an adequate supply 
of air, as in Bunsen's burner, 
is almost entuely devoid of 
luminosity, though its tem- 
peiature is veiy high, being 
about 1,300° C A non- 
lummous flame may be made 
luminous by placing in it 
platinum wire or asbestos 
fibre (232). '1 he illuminating 
power of a flame does not 
depend solely on its temperature. A hydrogen flame, which is 
the palest of all flames, has a very high temperature 

319. Romford's calorimeter. —in order to determine the amount 





of heat which is produced by combustion, Rumtord used the calori¬ 
meter depicted in fig. 313. A metal box, A, contains a known 
weight of water at a known temperature ; through it passes a copper 
worm tube, s s’, which is open at one end, s', and terminates at the 
other end in a funnel, c. The substance whose heating effect is 
to be determined is placed underneath the funnel, and, having 
been previously weighed, is burned. The gaseous products of 
combustion pass then through the worm, and, imparting their heat 
to the water, raise the temperature. From the weight of the 
water and its increase in temperature, which is measured by the 
thermometer, /, and from the weight of the body burned, its 
heating effect may be determined. 

By experiments with more perfect arrangements, based, how¬ 
ever, on the same geneia! principle, the heating effect of the 
following substances has been determined. The numbeis repre¬ 
sent the thermal units —that is, pounds of water which are raised 
through i° C. by the combustion of a pound of the substance, and 
are called the thermal equivalents. 


Hydrogen . 

34-500 

Phosphorus 

5,700 

Marsh gas 

13,060 

Dry turf . 

4,800 

Petroleum . 

■ 12,300 

Carbon bisulphide 

3 » 4 oo 

Olive oil 

9,860 

Wood 

2,900 

Anthracite . 

8,460 

Carbonic oxide 

2.400 

Charcoal 

8,080 

Sulphui 

2,200 

Tallow 

8,000 

Zinc 

1,300 

Alcohol 

7,180 

1 ron 

1,181 

Coal . 

7,000 

Coppei 

600 


From the abo\e result it follows that a pound of <oal would 
raise from the ordinary temperature and completely evaporate 
about II pounds of water (276). In practice, however, the best 
coal and the most convenient heating arrangements do not give 
more than two-thirds of this result. 

320. Various sources of cold. —Besides the cold (i.e. absorption 
of heat) caused by the passage of a body from the solid to the 
liquid state, of which we have already spoken (250), cold is pro¬ 
duced by the expansion of gases, by radiation in general, and more 
especially by radiation at night. 

321. Cold produced by the expansion of gases. —We have seen 
that when a gas is compressed its temperature rises. The reverse 
of this is also the case ; when a gas is rarefied a 1 eduction of tern- 
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perature ensues, the heat lost being due to the work done against 
external pressure by the expansion. This may be shown by 
placing a delicate spiral thermometer (fig. 258) under the receiver 
of an air-pump, and exhausting ; at each stroke of the piston the 
needle moves in the direction of zero, and regains its original posi¬ 
tion when air is admitted. 

The machines now in use for the manufactuie of ice depend on 
this property of gases. The heat developed b> the compression of 
air is removed by a current of cold water; a series of tubes con¬ 
taining the air thus compressed and cooled being placed m brine, 
the ivr is allowed to expand ; m so doing it cools the brine so 
considerably as to freeze water contained in tessels placed m the 
brine. Instead of atmospheric air, Pictet uses sulphurous acid, and 
Linde ammonia, for the artificial production of cold It maybe 
stated that by the most improved methods a ton of coals (used in 
working a steam-engine by which the compression is effected) 
can pioduce ten tons of ice 

The principle is also applied in the construction of re/ugeratwg- 
rooms. The air is compressed by what is in effect a steam-con¬ 
densing pump (154), and is then reduced to the tempeiature of the 
atmosphere by a current of cold watei Being next allowed to 
expand, the air is greatlt cooled, and is made to pass into the 
spaces wheie teniperatuie is to be reduced IJ\ this means it is 
not difficult to reduce the air to a temperature 15° or more below 
zero. Such rooms aie used for storing meat in hot weather, and 
also in tiansporung whole carcases of meat from abioad, and the 
principle is also applied in cooling in breweries, where the tem¬ 
perature of feimentation has to be kept within definite limits 

322 Cold produced by radiation at night.—During the day, the 
ground leceivcs from the sun more heat than it radiates into 
space, and the tcmpciutuie uses Ihe reveise is the case at night. 
The heat which the earth loses bj radiation is no longer compen¬ 
sated for and conscquentl) a fall of temperatuie takes place, which 
is greater according as the sky is clearer, for clouds send towards 
the earth more heat ia\s than come from the celestial spaces. 
In some winters it has been found that rivers have not frozen, 
the sky has mg teen cloudy, although the thermometer has been 
for several days below—4 0 ; while in other less severe winters the 
rivers freeze when the sky is clear. The emissive power exercises 
a great influence on the cold produced by radiation ; the greater it 
is, the greater is the cold. 
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In Bengal, the pooling at night is used in manufacturing ice 
{269). It is said that the Peruvians, in order to preserve the 
shoots of young plants from freezing, light great fires in their 
neighbourhood, the smoke of which, producing an artificial cloud, 
hinders the cooling produced by radiation. 

Country people are in the liabit of saying that it freezes more 
when the moon appears than when it is hidden by clouds. They 
are right in this ; but the freezing is not, as they think, due to the 
influence of the moon It is ouing to the absence of clouds. 
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BOOK VI 

ON LIG 1 TI 


CHAPTER I 

TRANSMISSION, MIOim, AND INTF NSITV OF LIGHT 

323. Theories of Light. — Liyhi is the agent which, by its action 
on the retina, excites 111 us the sensation of vision That part of 
physics which deals with the properties of light is known as optics. 

In order to explain the ongin and transmission of light, various 
hypotheses have been made, the most important of which are the 
emission 01 lorpusiulor thtor), and the undulatory theorv 

The emission theorv assumes that luminous bodies emit par¬ 
ticles or torpuseks of niattei of extieme lenuit) and without 
wetght These navel in straight lines with enormous velocity. 
Penetrating into the eye thev strike tht retina and produce the 
sensation wln< h constitutes vision \n ending to this theory, then, 
light is imponderable matter which is shot out from a luminous 
lwdy as a bullet is shot from a gun, and is capable of penetrating 
glass and other trauspaient media without leaving an\ tiace behind 
it This is the them> that was held by Newton, and it was chiefly 
through his influence that it so long remained the ac cepted creed 
On the undulatory theorj all bodies, as well as the celestial 
spaces, are filled by an extiemely subtle elastic medium, which is 
called the lununijerous ether Ihe luminosity of a body is due to 
an extremely rapid vibrators motion of its molecules, which, when 
communicated to the ethei, is piopagated in all directions in the 
form of spherical waves, and this vibratory motion, being thus 
transmitted to the retina, calls fotth the sensation of vision The 
vibrations of the ether take place not in the direction 111 which the 
wave is travelling, but at right angles to tins duection. They are 

* 



57 ® On Light [ 988 * 

transverse vibrations, and are thus to be distinguished from the 
longitudinal vibrations of the air particles in the transmission of 
sound-waves through air {171). A good idea of what takes place 
in the case of the propagation of light-waves is obtained by 
considering the concentric waves produced on the surface of 
still water when a stone is dropped in. The water particles move 
up and down but do not travel away. It is the wave form which 
spreads out in all directions. 

The luminiferous ether penetrates all bodies ; it occupies the 
celestial spaces, and, although it presents no appreciable resistance 
to the motion of the denser bodies, it is possible that it hinders the 
motion of the smaller comets. It has been found, for example, that 
Encke’s comet, whose period of revolution is about 3^ years, has 
its period diminished by about o-u of a day at each successive 
rotation, and this diminution is ascribed by some to the resistance 
of the ether. 

The fundamental principles of the undulatory theoiy were 
enunciated by Huyghens, and advocated by Young, who showed 
how a large number of optical phenomena, particularly those of 
diffraction, were to be explained by that theory. Subsequently, 
too, though independently of Young, Fresnel showed that the 
phenomena of diffraction, and also those of polarisation, are 
explicable on the same theory, which, since his time, has been 
generally accepted. 

The undulatory theory not only explains the phenomena of 
light, but it reveals an intimate connection between these pheno¬ 
mena and those of heat ; it brings out also many analogies between 
the phenomena of light and those of sound, regard being had 
to the differences of the media by which light and sound are 
propagated. 

324. Various sources of light.—The various sources of light 
are the sun, the stars, heat, chemical combination, phosphorescence, 
electricity, and meteoric phenomena. 

The origin of the light emitted by the sun and by the stars is 
unknown ; it is assumed by some that the ignited envelope by 
which the sun is surrounded is gaseous, and at a very high 
temperature. 

As regards the light developed by heat, experiment has shown 
that bodies begin to be luminous in the dark at a temperature of 
about 500°; above that the light is brighter in proportion as the 
temperature is higher. 
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The luminous effects observed in many chemical combinations 
are due to the high temperatures produced. This is the case with 
the artificial lights used for illuminations ; for luminous flames 
are essentially gaseous masses containing solids heated to incan¬ 
descence (318). 

Phosphorescence is the property which a large number of sub¬ 
stances possess of emitting light under certain conditions. It is 
observed in living animals, of which the best-known case is that 
of the glow-worm ; here it is very intense, and the brightness seems 
to depend on the will. Its light consists of a continuous spectrum 
from C to near h , and is particularly rich in blue and green rays. 
In tropical climates the sea is often covered with a bright phospho¬ 
rescent light due to myriads of small luminous infusoria (Noctiluca 
miliaris). 

Langley showed that in ordinary oil or gas flames more than 
97 - 6 per cent, of the total energy is expended as heat, and is useless 
as regards light ; and in sources at a high temperature, such as 
the arc and incandescent electric light, the proportion, although 
less, is still considerable. 

The light of the firefly ( Pyrophorus noclilmus\ which is found 
abundantly in Cuba, when examined by the spectroscope and bolo¬ 
meter is found to be devoid of red and infra-red rays—that is, to 
contain only luminous rays. It thus represents an economical 
form of light. As the more refrangible rays are those which affect 
the eye, it is desirable to obtain in our artificial lights as great a 
proportion of the energy in this form as possible, and it is in this 
direction that improvement in illumination is to be looked for. 

Phosphorescence cannot be due to a high temperature, for 
substances show it which are decomposed at such a temperature. 

Decaying wood, and some kinds of fish in a state of putrefac¬ 
tion, also exhibit this phenomenon. Certain substances, like some 
varieties of fluor-spar, become phosphorescent by friction ; while 
others, such as the sulphides of calcium, barium, and strontium, 
become luminous in the dark by having been prevlously exposed 
to the sun’s rays. 

Balmain's luminous paint depends on this property. Its prin¬ 
cipal ingredient is the phosphorescent calcium sulphide. 

Noggerath observed that agates, in the operation of polishing, 
often emitted a bright phosphorescent red light, which gave them 
the appearance of red-hot iron, and yet the increase of tempera¬ 
ture was not more than 12°to 15 0 C. 
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325. Opaque, transparent, translucent bodies. Absorption of 
tight. — Bodies on which light falls give rise to two distinct effects : 
•one class, such as wood, metals, most stones, completely stop its 
passage through them ; while others, such as air and glass, allow 
light to pass. The first class of bodies comprehends those which 
are called opaque , and the second the transparent and translucent 
bodies. The term transparent or diaphanou r is applied to all bodies 
which transmit light, and through which objects can be distinctly 
seen ; while transluiency is usually restricted to the case of bodies 
through which objects cannot be distinctly seen. Polished glass 
may be called either transparent or diaphanous , but ground glass, 
oiled paper, and thin porcelain are translucent, for, while they 
transmit light, objects cannot be distinguished tlnough them 

Of all bodies which transmit light, none can be said to be per¬ 
fectly transparent; all extinguish, 01 absorb , a poition of the light 
which impinges on them. Even atmosphenc air, which is trans¬ 
parent in comparison with all liquids and solids known to us, is not 
perfectly transparent, as is shown by many phenomena of everyday 
occurrence. Distant objects appear under a smaller optical angle, 
their colour is duller, and the contrasts of light and shade are 
weaker; m short, the more distant an oL>|ect, the more does it 
appear surrounded by an opalescent \eil, as is more pai ticularly 
visible on distant hills. This effect of imperfect transparency of 
the atmosphere is known as aerialperspeittve Again, on the tops 
of high mountains, the number of stars visible to the naked eve is 
greater than in the plain, owing to the fact that in the former case 
the layer of air traversed is not so thick as in the latter case. In 
like manner, too, the sun appears less luminous when on the hori¬ 
zon, for then its rays pass through a thicker layei of air 

Just as there are no perfectly transparent substances, so, too, 
there are none which aie quite opaque; at any rate, when the 
thickness is very small Gold, which is one of the densest metals, 
allows an appreciable quantity of light to pass when it is beaten 
out in the form of fine leaf 

Foucault showed that, when the object-glass of a telescope is 
thinly silvered, the layer is so transparent that the sun can be 
viewed through it without danger to the eyes, since the metallic 
layer reflects the greater part of the heat and light, the tint 
appears slightly bluish, while in the case of gold it is greenish. 

326. Propagation of tight.— A medium is any space or sub¬ 
stance which light can traverse, such as a vacuum, air, water, glass, 
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etc. A medium is said to be homogeneous when its chemical com¬ 
position and density are the same in all parts ; these are conditions 
which are independent of each other. The atmosphere, for instance, 
has everywhere the same composition; but not everywhere the 
same density, owing to the variations in pressure and temperature 
to which it is subject in various places. 

Experiment shows that in every homogeneous medium, light is 
propagated in a right line. For, if an opaque body is placed in the 
right line which joins the eye and the luminous body, the light is 
intercepted. In like manner, we cannot receive any impression of 
light through a series of holes in opaque plates superposed on each 
other, excepting when these holes are in a straight line. The light 
which passes into a dark room by a small aperture leaves a lumi¬ 
nous tiace, which is visible from the light falling on the dust 
particles suspended in the atmosphere. 

Light emanates from luminous bodies in all directions, for we 
see them equally in all positions in which we are placed around 
them. 

Light changes its direction on meeting an object which it 
cannot penetrate, or when it passes from one medium to another. 
These phenomena w ill be described under the heads reflection and 
refraction. 

327. Luminous ray and pencil. — To this sending out of light in all 
directions from a luminous body the same term, radiation, isapplied, 
as in the case of heat ; a luminous ray, or ray of tight , is the line 
in which light is propagated ; a luminous pencil, or pencil of light, 
is a collection of rajs irom the same source. It is said to be 
parallel when it i- composed of parallel rays ; divergent, when the 
rays separate from eat h other ; and convergent, when they tend 
towards the same point. Examples of these u ill occur in the study 
of mirrors and of lenses. 

328. Shadow. Penumbra.—When light falls upon an opaque 
body, it cannot jienetrate into the space immediately behind the 
body, and this space is called the shadtnv. 

In determining the extent and the shape of shadow projected 
by a body, two cases are to be distinguished : that in which the 
source of light is a single point, and that in which it is a body of 
any appreciable extent. 

In the first case, lev S (fig. 314) be the luminous point, and M 
a spherical body which causes the shadow. If an infinitely long 
straight line, Sl\ move round the sphere M, always passing 
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through the point S and touching the sphere, this line will describe 
a conical surface, which, beyond the sphere, separates that portion 
of space which is in shadow from that which is illuminated. In the 
present case, onlplacmg behind the opaque body a screen, Q, the 
limit of the shadow, GH, will be sharply defined This is not, 
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however, usually the case, tor luminous bodies have always a certain 
magnitude, and are not mere luminous points , the shadow formed 
by a luminous point is called the gcometriuil sftthitra' 

In the second case, let L tig 315' be a luminous sphere, and 
let a straight line, AMO, lie drawn touching the outside of this 
spheie and of the sphere M Assuming that this line mmts'tan- 
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gentially round the two bodies, it will produce on the screen, P, a 
circle, GH, completely in darkness. If now a second straight line, 
SNC, be drawn tangentially on the inside of the two spheres, it 
will produce a cone, the summit of which is at B, and the base on 
the screen in the circle DC, which is greater than the circle GH. 
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The circular space between the two circumferences is neither entirely 
in the shadow nor entirely in the light, for it is only illuminated by 
a part of the body L ; whence arises the name penumbra (partial 
shadow). Under ordinary conditions, in which luminous bodies 
have a certain size, shadows are always surrounded by a penumbra. 
This decreases in intensity from the centre towards the edges ; it 
has a greater extent the nearer the source of light is to the body 
illuminated, and the more distant is the screen. 

From these considerations it is to be explained why the shadow 
of a body exposed to the sun, w hen receiv ed close behind the body, 
is sharply defined, but at a greater distance is quite indistinct. 
Thus we cannot state the precise point where the shadow of a 
church spire ceases In like* manner, too, a hair whic h m sunlight 
is held close over a sheet of paper forms a sharp shadow, but 
if held a couple of inches 'above the paper no shadow can be 
perceived 

529. Velocity of light.—Light moves with such a velocity that 
at the surface of the earth then- is, to ordinary observation, no 
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appreciable interval between the occ unence of any luminous phe¬ 
nomenon and its perception by the eye. And accordingly this 
velocity was first detemnned by means of astronomical observa¬ 
tions. Romer, a Danish astronomer, m 16-5, first deduced the 
velocity of light from observations of the eclipses of one of 
Jupiter's satellites. 

Jupiter is a planet round which five satellites revolve, as the 
moon does round the earth. The second of these, e (fig. 316) 
(until the recent discovery of a satellite nearer to Jupiter than any 
of the others, this second was known as Jupiter's first satellite), 
suffers occultatton- that is, passes into Jupiter's shadow—at equal 
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Intervals of time, which are 42h. 28m. 363. While the earth moves 
in that part of its orbit nearest Jupiter, its distance from that planet 
does not materially alter from day to day, and the successive occul- 
tations occur at the calculated times ; but in proportion as the earth 
moves away in its revolution round the sun, S, the discrepancy 
between the observed occultation and the calculated time of its 
occurrence increases ; and when, at the end of six months, the earth 
has passed from the position T to the position /, a total retardation 
of 16m. 36s, is observed between the time at which the phenomenon 
is seen and that at which it is calculated to take place. But when 
the earth was in the position 7 ', the sun’s light reflected from the 
satellite e had to traverse the distance cT ; while m the second 
position the light had to traverse the distance ct. This distance 
exceeds the first by the quantity /T, for, from the great distance of 
the satellite e, the rays et and cT may be considered parallel. Con¬ 
sequently, light requires 16m. 36s. to travel the diametei IT of the 
terrestrial orbit, or twice the distance of the eaith from the sun, 
which gives foi its velocity 190,000 miles pci second. This has 
been confirmed by the results of other experiments made by 
different methods ; the number now generally admitted is 186,000 
miles per second, or 300,000 kilometres per second, or 877,000 
times the velocity of sound ( 175). 

To give some idea of this enormous velocit), it may be 
remarked that a cannon-ball with a velocity of 1,000 feet per second 
would require more than seventeen years to travel se the distance 
from the earth to the sun, while light requires only 8 minutes and 
8 seconds. 

The stars nearest the earth are separated from it by at least 
206,265 times the distance of the sun. Consequently, the light 
which they send requires 3J >eais to leach u-. Those stars which 
are only visible by means of the telescope are possibly at such a 
distance that thousands of years would be required for their light 
to reach our planetary -9 stem. We may hence form an idea of the 
immensity of the heavens, and how small is our globe in comparison 
with this infinity. 

330, Intensity of light Photometer.—The intensity of a source 
of light—that is, the energy of its illuminating power—is measured 
by the quantity of light which it sends on a given surface at a given 
distance from the source ; for example, a screen a yard square. 
From itbe property which luminous rays have of diverging, the 
quantity of light falling on the screen, or its illumination, decreases 
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rapidly as the screen is removed from the luminous body. It may 
be shown, geometrically, that the illumination is inversely as the 
square of the distance of the screen from the source—that is, that 
when the distance of an illuminated body from the source of light 
is doubled, it receives one-fourth the amount of light ; at three 
times the distance, one-ninth ; and so forth. This law is only 
strictly true when the source of light is a point. 

This law may be demonstrated by the aid of the apparatus called 
a photometer, from two Greek words which signify measure of light. 
One form consists of a ground-glass screen, fixed vertically on a 
wooden base (fig. 317). In front of this screen is an opaque rod, 
beyond which are the sources of light to be compared, placed in such 
a manner that the shadow s of the rod cast by the two sources form 
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on the screen, the shadow due to each source being illuminated by 
the cither source. Now, it will be observed that when the two 
sources have the same illuminating power, the depth of the shadows 
cast by the two is the same at the same distance ; but if one of the 
sources of light is more powerful than the other, the shadow due 
to the weaker source is more illuminated than the other ; and in 
order that the shadows may be of equal intensity, the more power¬ 
ful light must be removed further away. 

These details being premised, the law of the decrease of light 
may be demonstrated as follows .—In a daik room, a candle is placed 
at any distance from the photometer—a yard, for instance—and 
then, at double the distance, a lamp giving the same light as four of 
the same kind of candles is placed in the same line, in the direction 

C C 
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of the opaque rod. The two shadows on the screen will then be 
found to have exactly the same depth, the shadow cast by the 
candle being just as much illuminated by the lamp as that cast by 
the lamp is illuminated by the candle. Thus the screen receives 
as much light from the candle at one yard as it receives from the 
lamp (equal to four candles) at two yaids It may also be shown 
in the same manner that a lamp giving the same light as nine 
candles gives at three yards only the same illumination as one at 
one yard, and so forth, which proves the law 

It is important to observe that it is in consequence of the dt ver- 
gence (326) of luminous rays that light decreases as the distance 
increases. This decrease does not obtain in the case of parallel 
rays ; the illumination of a suiface due to parallel rays would be 
the same at all distances, were it not for the absorption which takes 
place m even the most transparent media 

The light of the sun is 600,000 times as powerful as that of the 
moon, and 16,000,000,000 times as powerful as that of u Ctntaun, 
the third in brightness of all the stars The moon is thus 27,000 
times as bright as this star f he sun is 5,000 million times as bright 
as Jupiter, 20,000 million times as bright as Sirius, and 80 billion 
times as bright as Neptune Its light is estimated to be equal to 
that of 5,500 wax candles at a distance of 1 foot That of the full 
moon is about equal to that given by one wax candle at a distance 
of 126 inches The more recent dvnamo electric machines can 
produce light equal to that of 100,000 standard candles 

331 Bunsen’s photometer — 1 his depends on the following 
principle If a gTease spot is made in a sc reen formed of a sheet 
of blotting-paper, and a source of light is looked at through the 
paper, the grease spot will appear bughtei than the rest of the 
paper. When the source is held in fiont, so that the screen is seen 
by reflected light, the grease spot will appear darker than the rest 
of the paper If now the screen is supported vertic ally, and the two 
sources, A and B, are placed one on each side of it, and their dis¬ 
tances adjusted so that the grease spot is neither brighter nor 
darker than the surrounding paper, it follows that the screen is 
receiving as much light from one as from the other source When 
this is the case the illuminating powers of the two sources are 
directly as the squares of their distances from the paper 

This is the method in actual use for determining the illumi¬ 
nating powers of gas and other artificial lights For this purpose 
a standard light »s used , in England this is that of a spermaceti 
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candle, c, f of an inch in diameter, which burns j 20 grains in an 
hour. The French standard of light is that of a Carcel lamp , which 
burns 607 grains pure colza oil in an hour with a flame r6 inch 
in height and gives a light equal to that of 9 5 English standard 
candles. This is fixed at one end of a graduated rule, aa (fig. 318), 
while at the other end is fixed a gas-jet,^, provided with a gas- 
meter, /«, by which the quantity of gas can be regulated and 
measured. A paper screen, t, with the grease-spot, is fixed to a 
support which moves along the rule ; this position is shown by 
the index, z, attached to the support. By trial a position is found 
for it at which the grease-spot just disappears ; the paper is then 
equally illuminated on Ixjth sides, and it only remains to read off 



the distances of the two lights, and make the calculation in the 
manner described above. 

Thus the scale is divided into too parts, and suppose the screen 
is at 20 divisions from the stnndaid candle when the grease-spot 
disappears, the gas being thu-> at a distance of 80 divisions—this 
being so, this particular gas-flame has sixteen times the illuminating 
power of the candle, and is spoken of as having a sixteen-candle 
power. 

A fair degree of illumination in an ordinary room is that 
equivalent to the light of from 16 to 24 candles at a distance of a 
yard ; while the light falling on a table should not be less than of 
24 candles at this distance. 

The intensity of light is measured photographically by an 
actinometer ; this is an arrangement by which a strip of photo¬ 
graphically sensitive paper can be exposed for anyjjength of time 
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to the action of light; the time required for this paper to match 
a certain shade of colour is a measure of the intensity of the 
illumination. 

The difficulty of obtaining candles -which give a light sufficiently 
uniform for standard purposes has led Harcourt to adopt as unit 
the light formed by burning a mixture of 7 tolumes of pentane gas 
and 20 \ ohimes of air, at the rate of half a cubic foot in an hour, m 
a specially constructed burner so as to pioduce a flame of constant 
height. This is know n as the pentane standard, and has been found 
to answ ei well in prat tice. 
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CHAPTER II 

RLI 1 Ft. I ION Ot UOH1 MIRRORS 

332. When a pencil of fays falls on a bright polished surface, 
it bounds off fiom it, changing its direction, and this is spoken of 
as the reflection of light The fact of this reflection, and the laws 
which govern it, may be in 
v estigated b\ the apparatus 
represented 111 fig 319 [t 
consists of a graduated circle 
in a \ ertical plane, supported 
on three levelling screws 
brass sAvdes, l and K, 
move round the circumfer¬ 
ence The) support two 
small tubes, t and 1, directed 
exactly towards the centre 
On the slide 1 there is, 
moreover, a small tnirroi, M, 
which can be inclined at w ill 
The zero of the graduation 
is at A, and extends to 90 
degrees on each side 

These details being 
known, the slide 1 having 
been more or less removed 
from zero, the mirror M is 
inclined so that a ray of light, 

S, after having been reflected 
on this mirror, shall pass 

through the tube i and fall upon a second mirror in arranged 
horizontally in the centre of the circle , there the ray of light is 
reflected a second tune, and takes the direction »iE. The slide K 



Fig 319. 
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is then moved to or from A, until, when the eye is placed at E, the 
reflected ray »E is seen through the tube c. If now the number 
of degrees contained in the arcs AB and AC be read off, they will 
be found to be exactly equal. The angle B ma, which the pencil 
B m makes with the perpendicular to the mirror m, is called the 
angle of incidence \ and the angle Cma is called the apgle of reflec¬ 
tion. Hence, the angle of reflection is equal to the angle of inci¬ 
dence. In the construction of the apparatus, care is taken that 
the axes of the tubes i and c are in one and the same plane, parallel 
to that of the graduated circle, and therefore perpendicular to the 
surface of the small mirror »i, and containing the normal, ma ; and 
therefore the incident and the reflet ted rays are both in the same plane, 
which is perpendicular to the reflecting surface. 

In the above drawing the direction in which light is propagated 
is represented by arrows ; the same will be the case with all optical 
diagrams which we shall have occasion to introduce. 

333. The reflection of light is never complete. —The light 
which falls upon a body is never completely reflected ; a certain 
portion is always absorbed by the reflecting body. If we represent 
by too the quantity of incident light, the reflected portion may be 
50, 80, 90, according to the nature and degree of polish of the 
reflecting body ; but it will never amount to 100. 

Thus, when light falls perpendicularly upon a body, the light 
which is reflected is $ of the incident light in the case of that re¬ 
flected from a metal mirror, from mercury, f from glass, and 

from water. 

The best reflectors are polished metals, especially if they are 
white, like mercury and silver. Black bodies reflect no light. 
Translucent substances reflect a small quantity, and absorb more 
or less according to their thickness, while they transmit the 
remainder. This is what takes place with air, water, glass, and all 
transparent media. 

For one and the same substance the quantity of reflected light 
increases not only with the degree of polish, but with the obliquity 
of the incident rays. For instance, if a sheet of white paper be 
placed before a candle, and be looked at very obliquely, an image 
of the flame is seen by reflection, which is not the case if the eye 
receives less oblique rays. 

The intensity of the reflection varies with different bodies, even 
when the degree of polish and the angle of incidence are the same. 
It also varies with the nature of the medium which the light is 
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traversing before and after reflection. Polished glass immersed 
in water loses a great part of its reflecting power. 

334- Irregular reflection. Diffused or scattered light.—The 

reflection from the surfaces of polished bodies, the laws of which 
have just been stated, is called the regular or specular reflection, 
which is from a Latin word signifying mirror ; but the quantity 
thus reflected is less than the incident light. The light incident 
on an opaque body is separated, in fact, into three parts ; one is 
reflected regularly, another irregularly— that is, in all directions— 
while a third is absorbed by the reflecting body. 

Thus, if, in the experiment represented in fig. 319, the beam 
B m be caught on an unpolished smface, instead of on a mirror, 
not only will it be seen in 
regular reflection, but it 
will be seen in all positions, 
whence it is concluded 
that light is reflected in all 
directions and under all 
obliquities, which is appa¬ 
rently contrary to the laws 
of reflection. Such reflec¬ 
tion is illustrated in fig. 320. 

This irregularly reflected 
light is called nattered or 
diffused light ; it is that 
which makes bodies visible ; 
it has its' origin in the strut ture of bodies themselves, which are 
never perfectly smooth, and, from then slight roughnesses, present 
an infinity of small facets vanousl) inclined, uhicli reflect light in 
all directions. 

Diffused light pia>s an important part in the phenomena of 
vision. For while luminous bodies are t isible of themselves, opaque 
bodies are only so in consequence of the diffused light which they 
send in all directions. Thus, when we look at a piece of furniture, 
a table, or a flower, it is the diffused light reflected on all sides 
and in all directions by the object which enables us to see it, in 
whatever direction we may be placed in reference to the light 
which illuminates it. When bodies only reflect light regularly, it is 
not them we see, for, acting like mirrors 1,336), they only give us 
the image of the luminous body whose light they send towards 
us. If, for example, a beam of the sun’s tight, passing through 


the direction //;C, corresponding to 



Fig. 3 10 . 
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a hole in the shutter, fells on a well-polished mirror in a dark 
room, the more perfectly the light is reflected, the less visible is 
the mirror in the different parts of the room. The eye does not 
perceive the image of the mirror, but that of the sun. If the 
reflecting power of the mirror be diminished by sprinkling on it a 
light powder, the sun’s image becomes feebler, but the mirror is 
visible from all parts of the room. Smooth, polished, perfectly 
reflecting surfaces, if such there were, would be invisible, and 
absolutely non-reflecting surfaces would also appear all equally 
black, and the two would be confounded with each other. The 
pencil of light seen by admitting light into a dark room is visible 
in consequence of the little motes floating in the air. If the sides 
of a glass vessel be coated with the transparent liquid glycerine, 
and the electric light be allowed to fall on it, its path is at once 
visible ; but after the lapse of some time the floating particles settle 
down and are fixed by the glycerine, and, as Tyndall has shown, 
the electric light now traverses the space without being seen. This 
may be illustrated by the following simple experiment. A beam of 
light admitted through a hole in the shutter of a dark room is 
directed upon a mirror, from which it is reflected ipto a large wide¬ 
mouthed glass jar. If some smoke has been produced in the jar 
by dropping a piece of lighted touch-paper in it, the whole space 
inside is luminous, which is not the case when the jar contains 
ordinary air. Two bodies, one white and the other black, placed 
in darkness, are quite invisible, for that which is white, not re¬ 
ceiving any light, can reflect none. 

In the case of scattered reflection, the actual amount of light 
reflected to the eye by a surface of any kind is only a fraction of 
the light which falls upon it, and depends on the nature of the 
surface. If we call the incident light too, we have for that re¬ 
flected from freshly fallen snow 78, white paper 70, white sand¬ 
stone 24, porphyry 11, and ordinary earth 8. 

It is the diffused light reflected by the solid particles floating in 
the air, by the clouds, by the ground, which illuminates our rooms 
and all bodies not directly exposed to the sun’s rays ; and the 
larger the quantity of diffused light which a body sends towards 
us, the more distinctly can we distinguish it. From the inside of 
our rooms we well see external objects, for they are powerfully 
illuminated ; but from the outside we only see confusedly the 
objects in the interior of apartments, for they receive but little 
%Ht If the atmosphere were perfectly transparent, there would 
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be complete darkness immediately after the sun had set; but 
before sunrise, as well as after sunset, there is a considerable 
amount of light spread over the earth’s surface. This is due to 
the fact that the upper layers of the air diffuse the light which they 
receive before sunrise and after sunset, and thus give rise to the 
phenomenon known as twilight. In the ordinary sense of the word, 
this is as long as we can still read in the open, which is the case 
when the sun is 6° below the horizon. What is called astronomical 
twilight is when the smallest stars visible to the naked eye just 
disappear ; this is when the sun is 18 0 below the horizon. In the 
shortest summer nights twilight does not cease in our latitudes, 
because the sun at midnight is not 18° below the horizon. The 
more transparent and the purer the air, the shorter is twilight, 
while it is prolonged by light clouds in the higher regions. On 
lofty mountain summits, where a considerable part of the atmo¬ 
sphere is below the level, the direct rays of the sun are painfully 
intense, and the sky is by contrast dark. 

335. Direction in -which we see bodies.—Whenever a pencil 
of light passes in a straight line from a body to our eye, we see 





t's- .to¬ 


il, so far as direction is concerned, exactly as it is; but if, in 
consequence of reflection, or any other cause, the pencil of light 
is deviated in its route, if it ceases to come to us in a straight line, 
we no longer see the body in its proper place, but in the direction 
of the pencil of rays at the moment it enters the eye. Thus, if the 
pencil AU is deflected at IJ (fig. 321), and takes the direction BC, 
the eye does not see the point A at A, but at if, in the prolongation 
of CB. 

This principle is general, and on it are based the numerous 
effects of vision which mirrors and lenses present. 

336. Mirrors. Images.— Mirrors are bodies with polished 
surfaces, which show by reflection objects presented to them. The 
place at which objects appear is their image. According to their 
shape, they are divided into plane and curved mirrors. 
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We have an example of a plane mirror in the looking-glasses 
Which adom our apartments. In these mirrors it is not the glass 
which reflects light in sufficient quantity to give neat and well- 
defined images ; it is a layer of metal on die back of the glass. 
This layer is an amalgam of tin , that is, an alloy of this metal with 
mercury. The glass has only the effect of giving the metal the 
necessary polish, and of preserving it from external agencies which 
tend to tarnish it 

Metal mirrors are also constructed of gold, silver, steel, tin. 
They all have the defect of tarnishing on contact with the air. 
The first mirroi was doubtless the surface of clear water The 
mirror of liquid mercury is often used by astionomers in observing 
the altitudes of heavenly bodies 

337. Formation of images m plane mirrors. — Plane mirror<t 
are those whose surface is plane To understand the formation 

of images m these 
mirrors, let us first 
consider the case 
m which a small 
object is placed in 
front of such a 
niiiror — for in¬ 
stance, the flame of 
a candle A pencil 
of light emitted by 
a point in this flame, 
and falling on the 
mirror, is reflected 
there, as shown in 
fig 323 But it 
follow s, from the 
law s of reflei tion, 
that each ray of 
this pencil retains, 
in reference to the 
mirror, the same 
obliquity as it had 
before; whence it 
follows that the 
reflected rays have the same divergence in reference to each other 
as the incident rays. Hence, if we imagine the reflected penal 
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prolonged behind the mirror, all the rays composing it will coincide 
in the same point. But as we always see objects in the direction 
which the rays of light have when they reach us (335), it follows 
that the eye, which receives the reflected pencil, should see the 
particular luminous point in the flame of the candle just in the 
place where the prolongations of these reflected rays coincide. 
There, in fact, is produced the image of this point as seen in 
fig. 322. 

If now, instead of considering a single luminous point placed 
in front of the mirror, we consider a body of any dimensions, we 



1 *u v< 


need do no more than apply to ea* h of its parts what has been 
said in reference to a single luminous point, in order to understand 
the formation of its image. For instance, in fig. 323, which repre¬ 
sents a person in front of a mirror, the rays from the forehead are 
reflected from the mirror, and return to the eye, producing an 
image of the forehead. In like manner the rays from the chin, 
being reflected from the mirror, reach the eye as if they proceeded 
from the chin of the image, and so on with all parts of the face ; 
hence the illusion which makes us see our image on the other side 
of the mirror. 

338. Nature of the images in plane mirrors. Real and virtual 
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imagea. —If, when looking in a mirror, we raise the right hand, it 
is the left which seems raised in the mirror ; and if we raise the 
left hand, the right seems raised. We should falsely express this 
transposition of the parts of the image in reference to the object 
if we merely said that the image was reversed ; if it were nothing 
else than the object reversed, in raising the right hand the image 
should also raise the right hand, while it really is the left which is 
raised. 

This special relation which exists between an object and its 
image is expressed by saying that the image is symmetrical in 
reference to the object; that is, that any point of the image is 
arranged behind the mirroi in identically the same manner as the 
corresponding point of the object in front. For it may be shown 
by geometrical considerations that these two points are equidistant 
from the mirror, and on the same right line, which is at right angles 
to the surface. From the respective distance and position of the 
different parts of the object and of its image, it is concluded that 
the latter is of the same magnitude as the object, and equidistant 
from the mirror. 

Lastly, images formed in plane mirrors are virtual; by which 
we mean that they ha\ e no real existence, and are only an illusion 
of the eyes. For in fig. 322, as well as in fig. 323, the light, as it 
does not pass behind the mirror, cannot form any image there, and 
that which we see has no existence ; this is expressed by the word 
virtual as opposed to actual or real. Virtual images are only an 
optical illusion ; but we shall soon see that, in concave mirrors 
and in lenses, real images are produced which can be received on 
screens, and can produce certain chemical actions ; this is a 
criterion by which they are distinguished from virtual images. 

339 . Multiple images formed by glass mirrors. —Metal mirrors 
which have but one reflecting surface .only give one image : this is 
not the case with glass mirrors, the two surfaces of which reflect, 
though to unequal extents. For if we apply any object—the 
point of a pencil, for instance—against a thick piece of polished 
glass, at first when it is looked at obliquely a very feeble image is 
seen in contact with it; then, beyond it, another and far brighter 
one. The first image is due to the light reflected from the front 
surface of the plate—that is, from the glass itself ; while the second 
is due to the light which, penetrating into the glass, is reflected 
from the layer of metal by which the hinder face is covered. The 
difference in brightness of the two images is readily explained ; 
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glass being very transparent, only a small quantity of light is 
reflected from the first face of the mirror, which gives the less 
intense image ; while the 
greater part of the incident 
light passing into the mass 
is reflected from the surface 
of the metal, and gives the 
brighter image. Fig. 324 
shows the multiple images 
of a candle obtained by 
reflection with a glass plate, 
the two surfaces of which 
each act as reflectors. 

The double reflection 
from ordinary plate-glass 
mirrors is prejudicial to the 
sharpness of images, so that, 
in scientific observations, 
mirrors of metal are usually 
preferred to glass ones 

340. Reflection from Fig. w 

transparent bodies. — We 

have seen that glass, notwithstanding its transparency, reflects a 
sufficient amount of light to give images which, though feeble, are 
distinct. The same is the case with water and other transparent 
liquids. Thus, on the borders of a pool we see formed in the 


water the rev ersed image of objects on __ 

the opposite bank. We say reversed 
image, to the appear- 

ance ; bul more strictly we should 

been 

before said (338). A highly varnished I* Ife S' Jaf 

picture is a mirror, and, if placed so H/* ask -33 

the varnish 

from the 

the 

341. Multiple images from two 
plane mirrors.—When an object is F lg , } , 5 . 

placed between two plane mirrors 

which form an angle with each other, either right or acute, images 

of the object are formed, the number of which increases and the 
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brightness of which decreases as the angle between the mirrors 
decreases. If they are at right angles to each other, three images 
are seen, arranged as represented in fig. 325. The rays OC and 
OD, from the point O, give, after a single reflection, the one an 
image O', and the other an image O”, while the ray OA, which 
undergoes two reflections, at A and B, gives the third image, O'". 
When the angle of the mirrors is 6o°, five images are produced, 
and seven if it is 45°. The number of images continues to increase 
in proportion as the angle diminishes, and when it is zero—that 
is, when the mirrors are parallel—the number of images is theo¬ 
retically infinite. In general, if two mirrors are inclined to each 
other they produce twice as many images, counting the object 
itself as one, as the angle between them is contained in 1 So 0 . 

342. Multiple images in two plane parallel mirrors.—In this 
case the number of images of an object placed between them 
is theoretically infinite. Physically the number is limited, for as 
the incident light is ne\er totally reflected, some of it being always 
absorbed, the images gradually become 
fainter, and become ultimately invisible. 

Fig. 326 shows how the pencil La 
reflected fi the 



image of the 

>n L , then reflected 

mm once from the mirror M and once from 
Fig. j2«. N, furnishes the image I' at a distance 

nl'-nl ; m like manner the pencil Lc, 
after two reflections on M and one on N, forms the image I" at 
a distance ml"~ mV, and so on for an indefinite series. The 
images 4 ?, are formed m the same manner by rays of light 

which, emitted by the object L, fall first on the mirror N, 

The Kaleidoscope, invented by Sir D. Brewster, depends on 
this property of inclined mirrors. It consists of a tube, in 
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which arc three mirrors inclined at 6 o° ; one end of the tube is 
dosed by a piece of ground glass, and the other by a cap provided 
with an aperture. Small irregular pieces of coloured glass are 
placed at one end between the ground glass and another glass 
disc, and on looking through the aperture, the other end being 
held towards the light, the objects and their images are seen 
arranged in beautiful symmetrical forms , by turning the tube, an 
almost endless variety of these shapes is obtained 

343 Concave mirrors.—There are many kinds of cuived 
mirrors Those most m use are called spherical mirrors, from their 
curvature being that of a sphere They may be either of metal or 
of glass, and are either concave or convix , accoiding as the reflec¬ 
tion is from the internal or the external fare of the mirror. For 
experiments on a small scale the phenomena of concav e mirrors 
may be shown by means of a curved watch-glass which is 
blackened on the com ex side ; m like manner the phenomena of 
convex mirrors may be shown by one whuh is blackened on the 
concave side. 

To facilitate the study of concave murors we will first consider 
what is called a section that is, the figure obtained by cutting 
it into two equal 
parts. Let M N 
(fig 3 2 7) be the 
section of a spheri¬ 
cal mirror, and 
C the centre of 
the corresponding 
sphere. In refer 
ence to the sphcie 
this point is called the untre oj lurvaturc \ the point A is the 
centre of the minor 1 he light lino At X, which passes through 
A and C, is the principal aits of the mirror , any right line, t(_u, 
which simply passes through the ccntie C, and not through the 
centre of figure, A, is a si,unitary axis I lit angle MON, lonned 
by joining the temie and extremities of the mnror, is the apirture 
A pnnapal or meridional section is any section made by a plane 
through its principal axis In speaking of mirrors those lines 
alone will be considered which he in the same principal section. 
There is only one pnnupal axis, but the number of secondary 
axes is unlimited. 

The manner »n which light is reflected from curved mirrors is 
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easily deduced from the laws of reflection from plane mirrors, by 
considering the surface of the former as made up of an infinitude 
of extremely small plane surfaces, all equally inclined to each other 
so as to form a regular spherical surface. Accordingly, on this 
hypothesis, when a ray of light falls upon any point whatever of a 
curved mirror, it is really from a small plane mirror that it is 
reflected ; the reflection takes place then in accordance with the 
laws already laid down (336). 

344. Principal focus of a concave mirror.—The small facets, of 
which we have assumed concave mirrors to be made up, being all 



Fig. 128. 


inclined towards a common centre, which is the centre of curvature 
of the mirror, it follows from this obliquity that the rays reflected 
by these mirrors tend to unite in a single point, which is called the 
focus , as we have already seen in the case of heat (228). 

To explain this property of curved mirrors, let SI be a ray 
falling'upon such a mirror parallel to the axis AX (fig. 327). From 
the hypothesis assumed above, the reflection takes place at I, on 
an infinitely small plane mirror. It can be shown geometrically 
that the perpendicular to this small mirror is represented by 
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the right line Cl from the centre C to the point I. Hence the 
angle SIC represents the angle of incidence, and if we imagine, 
on the other side of the perpendicular, a straight line IF, which 
makes with Cl an angle FIC, equal to CIS, this straight line 
will be in the direction of the reflected ray. 

But when the incident rays are parallel to the axis of the mirror, 
as in the above example, it may also be proved geometrically, if I is 
not far from A, that the point F, where the luminous rays cut the 
axis, is the middle of AC ; that is, it is equidistant from the centre 
of curvature and the mirror. This property being common to all 
rays parallel to the axis, it follows that, after reflection, these 
rays will all coincide in the same focus, F, as shown in the 
figure. 

The focus described above—namely, the point halfway between 
the centre of curvature and the mirror—is called the principal 
focus ; it is the point of convergence of rays which before reflection 
were parallel to the principal axis. An example of this is seen in 
fig. 328, which represents a pencil of sunlight falling upon a con¬ 
cave mirror. If a small ground-glass screen be placed where the 
reflected rays tend to concentrate themselves, a very luminous 
point, or rather small circle, which is the image of the sun, will 
appear at the principal focus. 

345. Conjugate foci.—In the foregoing examples we have 
considered the case of pencils of parallel rays, which presupposes 
that the luminous object is at an infinite, or at all events a very 
great, distance. Let us now consider the case in which, the source 
of light being at a small distance, the rays failing on the mirror are 
divergent, as shown in fig. 329. Here the reflected rays are con¬ 
verged, but less so than in figs. 327 and 328, which results from 
the divergence of the light in arriving on the mirror. Hence the 
point where the reflected rays coincide is more distant from the 
mirror than the principal focus ; instead of being at F, the 
principal focus, it is at b, between the points F and C. This 
point, b, where the rays coincide, is also a focus. To distinguish 
it from the principal focus, F, it is called the conjugate focus of the 
point B, from a Latin word meaning connected ; for there is this 
connection between the position of the luminous point B and that 
of its focus, that when the luminous object is at B, the rays form 
their focus at b ; and that, conversely, if the luminous object is 
removed to b, the reflected rays form their focus at B. Thus B 
and b are conjugate to each other. 
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Tbere is only one principal focus, but the position of the conju¬ 
gate focus of B vanes as B varies. For, suppose that in tig. 329 
the candle is removed away from the mirror, as the incident rays 
make then gradually increasing angles of incidence with the 
radius drawn to the point of incidence, the angles of reflection 
increase too, and the focus b approaches the point F, with which 
it will ultimately coincide, when the candle is so far distant that 
the incident rays are virtually parallel. 

If, on the contrary-, the candle is brought nearei the mirror, the 
rays falling upon it make angles with the radius at the point of 
incidence, which aie gradually smaller ; the angles of reflection 
decrease also Hence the rays reflected by the mirror coincide at 
gradually greater distances, and b ad\ances towards the centre C ; 
if the candle comes nearer the point, so as to coincide with it, the 
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same will be the case with the image b , so that the candle and its 
image will coincide at 0 

Lastly, if the candle, always approaching the mirror, passes 
between the centie of curvature and the principal focus F, the 
conjugate focus b, continually removing fiom the mirror, passes 
on the other side of the centre, and is formed at a greater dis¬ 
tance the nearer the luminous body is to the principal focus ; 
if the candle coincides with this latter point, the conjugate focus 
forms at an infinite distance—that is, the reflected rays become 
parallel. 

These different effects of reflection are a consequence of the 
constant equality between the angle of incidence and the angle of 
reflection. They may be very simply verified by placing in a dark 
room a candle in front of a concave mirror successively in various 
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positions, and then ascertaining by trial where the luminous focus 
is formed on a small screen of paper held in the hand, and brought 
nearer to or farther away from the mirror. 

346. Virtual focus. —After having described the different posi¬ 

tions of the point in which the rays reflected by a concave mirror 
coincide, when the luminous body is either beyond or in the 
principal focus, 
we have to in¬ 
quire what be¬ 
comes of these 
same rays when 
the source of 
light is at any 
point P, which 
is nearer the Hr. 33“- 

mirror than the 

principal focus (fig. 330). In this case the reflected rays form 
a diverging pencil, and cannot therefore produce any focus in 
front of the mirror ; but as regards the eye which receives them, 
they produce exactly the same effect as in plane mirrors (336) ; 
that is, the eye receives the same impression from the reflected 
rays IM and im as if the candle were placed behind the mirror 
at the point /, where the prolongations of these rays coincide. 
Hence the image of the candle is seen at /, but as the light does 
not penetrate behind the mirror, this image does not really exist : 
hence the focus which seems to form at p is called the virtual 
focus, the expression being understood in the same sense as in 
plane mirrors. 

347. Formation of images in concave mirrors.—Concave mirrors 
give rise to two kinds of images, real and virtual. Their forma¬ 
tion is readily understood after what has been said respecting 
conjugate and virtual foci. We may, however, remark that 
when a luminous or illuminated point is situated on the principal 
axis of a mirror, its focus, real or virtual, is always formed on this 
axis. This is the case in figs. 329 and 330 ; but if the luminous 
point is on a secondary axis, the focus is formed on this axis. 
Thus if in fig. 327 a candle were placed at it, on the secondary axis 
iCd, the reflected rays would form their focus on the line C». 
That being admitted, let us see how images are formed in concave 
mirrors. 

Real image,— If a person places himself at a certain distance in 
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404 On Light p*»- 

front of a concave mirror, he no longer sees himself erect and of 
the ordinary sire, as in plane mirrors, but reversed and much 
smaller. To this image the name real image is given to express 
that it is not an illusion, like that seen in plane mirrors, but that it 
has a real existence, for it may be received on a screen. If the 
mirror is placed in front of a brightly lighted object, as, for instance, 
before a building on which the sun is shining, and a person places 
himself a little on one side, holding a small white screen in the 
position in which the conjugate focus should be formed, the pencils 
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from the \anous parts of the edifice are reflected from the mirroi 
and fall on the screen, forming in miniature an image not less 
remarkable for the colour than for the fidelity of the outlines 
(fig. 331) ; it has no other defect than that of being reversed. 

The formation of this image is readily explained. For from 
what has been said in reference to conjugate foci (345), each point 
of the image is the conjugate focus of the corresponding point of 
the illuminated body, and is on the same secondary axis. But as all 
the secondary axes from the various points of this body cross in the 
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centre of curvature of the mirror, it follows, as shown in the figure, 
that the rays from the higher parts of the body converge towards 
the lower part of the image, and that 
conversely rays from the foot unite 
on the higher parts of the same 
image, which explains how it is that 
the latter is reversed. 

It is to be observed that the 
real image in concave mirrors is 
not always smaller than the object 
illuminated, as is the case in the 
above two figures ; it may also be 
larger. This is the case when, 
the object being placed between 
the principal focus and the centre of 
curvature, its image is formed outside 
the latter, and it is then larger the 
greater the distance at which it is 
formed. 

Virtual image .—When a person 
is placed at a certain distance m front of a concase mirror, he 
sees himself smaller and leversed. If he comes neaier, there 
is a point at which no image is seen. This is the case when he is 
between the centre and the principal focus, for the image is then 
formed behind him. If lie is in the principal focus itself, there is 
no image. For ue know i344) that the rays of light proceeding 
from this foi us, aftei being reflected from a concave mirror, produce 
a parallel pencil ; hence as the ray ■> coincide neither behind nor 
in front of the mirror, they cannot gne rise to any image. Hut, 
approaching the mirror, the image suddenly leappears, and, 
instead of being smaller and reversed as it was, is now erect and 
much enlarged, as in fig. 332. This is the virtual image. 

To account for the formation of this image, we must recall 
what has been said about virtual foci (346' first, that they are 
only formed as long as the luminous 01 illuminated object is 
between the principal focus and the mirror; second, that the 
virtual focus, or, what is the same thing, the virtual image of any 
point of the object, is behind the mirror on the secondary' axis 
which passes through this point. Hence, the head of the observer 
being placed between the mirror and the principal focus (fig. 333), 
all rays from any point, a, of the face return to the eye after 
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reflection, as if they proceeded from the point where the pro¬ 
longations of the reflected rays coincide on the secondary axis, 
Or A, In like manner, rays from the point b return to the eye, as 
if they were emitted from the point B, which is on the prolongation 
of the secondary axis, Cbft. The eye sees, therefore, at AB, an 
erect and enlarged image, 

348. Formation of images in convex mirrors.— We have 
already seen that convex mirrors are spherical mirrors, which re¬ 
flect light from their external surface—that is, on the bulbed side. 
Whatever the distance of a luminous or illuminated object placed 
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in front of these mirrors, we never obtain any other than a 
virtual image situated on the other side of the mirror, always 
erect and smaller than the object. This may be verified by 
looking in a mirror of this kind as represented in fig. 334. The 
formation of this image can be easily explained by an inspection of 
fig’- 335 - It is Here smaller than the object, for it is nearer than 
the latter to the point where the secondary axes coincide, while 
the reverse is die case with the formation of the virtual image in 
the concave mirrors. 

The images of objects seen in concave or convex mirrors 
appear smaller or larger, burotherwisc similar geometrically, except 
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In the case where some pans of a body are nearer the mirror 
than others. The distortion of features observed on looking into a 
spherical garden mirror is more 
marked the nearer we are to 
the glass. Objects seen in 
cylindrical or conical minors 
appear ludicrously distorted 
From the laws of reflection 
the shape of such a distorted 
figure can be geometrical)} 
constructed In like manner 
distorted images of objects can 
be constructed which, when 
\iewed in such mirrors, appear 
in their true proportions 1 he} 
are called anamorphoses 

349 Applications of mirrors. 

The applications of plane 
mirrors in domestic economy 
arc well known Mirrors are 
also frequently used in physical 
apparatus for sending light in 
a certain diret tion I he sun s light < an only be sent in a constant 
direction by making the nnrioi mot able It must hate a motion 
which compensates foi the continual change in the direction of the 
rays produced b) the appaicnt dad} motion of the sun This 
result is obtained by means of a clockwutk motion, to whuh the 
imrroi is fixed, and whuh causes it to folloyy the course of the sun. 
Such an apparatus is called a fnhostat I'he ic(lection of light is 
also used to measure the angles of crystals bj means of the 
instruments know n as refecting goniometer* 

Concave mirrors hate been employed for burning mirrors, and 
are used in telescopes {392), as they onK gi\e one image. They 
also serve as rcflcctois, for con\eying light to great distances, by 
placing a luminous object in their principal focus, as in search 
lights. For this purpose parabolic minors arc pieforable 

The reflection of light from minors was applied by Mance in 
signalling at great distances by means of the sun's light yyith an 
instrument called the heliograph 

This apparatus consists essenttall} of a nmror about 4 inches in 
diameter mounted on a tripod, and*pro\ided with suitable adjust* 
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ments, so that the sun's light can be received upon it and reflected 
to a distant station. An observer then can see through a telescope 
the reflection of the sun’s rays as a spot of light The mirror has 
an adjustment by which it can be made to follow the sun m its 
apparent motion. There is also a lever key by which the signaller 
can deflect the mirror through a very small angle either to the right 
or left, and thus the observer at a distant station sees corresponding 
flashes to the right or left. Under the subject of Telegraphy it 
will be seen how these alternate motions can be used to form an 
alphabet. 

The heliograph proved of essential service in the campaigns m 
Afghanistan, and quite recently in South Africa. Instead of any 
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special form of apparatus, an ordinary shaving mirror oi hand glass 
is frequently used , and the proper intimation having been given 
so as to send the sun’s rays to the distant station, which is very 
easily effected, the signals are produced by obscuring the mirror 
by sliding a piece of paper over it for varying lengths of time In 
this way longer or shorter flashes of light are produced, which, 
properly combined, form the alphabet 

Of course this mode of signalling can only be used where 
the sun’s light is available, but it has the advantage of being 
simple and portable .Signals have been sent in very fine 
weather at the rate of 12 words a minute, through distances 
of 40 miles. 
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CHAPTER III 
REFRACTION OF LIGH 1 

350. Phenomenon of refraction. —When a pencil of light passes 
more or less obliquely from one transparent medium into another— 
for instance, from air into water, or from air into glass—it under¬ 
goes a deflection from the straight line in which it proceeds, as 
seen in fig. 336, which represents a ray of light passing from air 
into water. This change in direction 
is called refraction , from a Latin v. ord 
meaning broken ; for the ray is, in fact, 
broken at the point A, where it passes 
from the direction LA to the direction 
AK. 

The ray LA is called again the in¬ 
cident ray ; AK is the refracted ray ; 
the perpendicular, BC, drawn at the 
point of incidence, A, of the surface, 

MN, which separates the two media, 
is called the normal or perpendicular ; the angle, UAL, is called 
the angle of incidence ; and the angle, CAK, the angle of refrac¬ 
tion. If the angle of incidence is zero—that is, if the incident ray 
is perpendicular to the surface—the same is the case with the 
refracted ray, and light thus tinsels in a straight line ; that is, it 
is not refracted. 

Thus, if a pencil of the sun's lavs which enters through a shutter 
in a dark room be allowed to fall on a glass vessel containing svater 
(fig. 338), the pencil can be very distinctly seen to be broken as it 
passes from air into water, especially if some light pow der has been 
diffused through the air and the water so as to make the pencil more 
visible (334). * 

351. Laws of refraction. —When a ray of light is refracted in 
jiassing from one medium to another of a different refractive power, 
the following laws prevail:— 
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I . Whatever the obliquity of the incident ray , the ratio which 
the sine of the incident angle bears to the sine of the angle of refrac¬ 
tion is constant for the same two media , but varies with different 
media. 

II . The incident and the refracted rays are in the same plane , 
which is perpendicular to the surface separating the two media. 

These laws may be understood by reference to fig-. 337, in 
which the ray, LA, passes from air into water. If, from the point 
of incidence with a 


radius equal to unity, 
a circle be described, 
and from the points 
m and p , where it 
cuts the incident 
and refracted rays, 
perpendiculars, mn 
and pq, are draw n to 
the normal, BC, the 
former is called the 
sine of the angle of 




incidence, and the second the sine of the angle of refraction. 

It is the ratio of these sines, these perpendiculars, which is 
constant; that is, pq, for instance, being three-quarters of mn, if 
the angle of incidence diminishes or increases, the angle of refrac¬ 
tion does so too, but the sine of the angle of incidence will always 
be four-thirds of the sine of the angle of rcfrattidfi. 

This constant ratio is called the refractive index, or index of 
refraction of water; its value varies with different transparent 
media. Titus from air to water the ratio is j, from air to glass g, 
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and from air to diamond it is j ; or, 1-33, 1-5, and 2-5 ate the 
refractive indices respectively of water, glass, and diamond with 
respect to air. 

The above laws maybe demonstrated by means of the apparatus 
represented in fig. 339, which resembles that by which the laws of 
reflection were shown (fig. 319), except that, instead of the mirror 
m, there is a semi-cylindncal glass vessel R filled with liquid, and 
that the surface is at the same level as m. The pencil of light from 
the source S is reflected from the mirror M, and passing through 
the tube e, it falls on the surface of the water at O. Here it is 
refracted on entering the water, and the path of the ray may 
be followed by turning 
the limb K until a bright 
spot appears on the 
screen c. The angle 
KOE which the limb 
K makes with the per¬ 
pendicular IE to the 
surface at the point of 
incidence, is the angle 
of refraction Now the 
angle EOF is equal to 
the angle MOJ, which 
is the angle of modem e, 
and the line F H is ac¬ 
cordingly the sine of this 
angle, and can be read 
off on the scale below to 
which it is parallel, and 
the sine of the angle 
KOE is given dnectly 
on the scale, 

Now, by displacing 
the position of the mirror, M, so as to get different angles of inci¬ 
dence, vve get also different angles of refraction, but the ratio of 
their sines is always constant ; that is, if the sine of the angle of 
incidence becomes twice or thrtcc as large, the sine of the angle of 
refraction increases in the same ratio, which demonstrates the first 
law. The. second law follows from the arrangement of the appa¬ 
ratus, for the plane of the graduated limb is perpendicular to the 
surface of the liquid m the semi-cylindrical vessel. 
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352, Refracting substances.—When a ray of light is refracted 
tn passing from one medium into another, sometimes it approaches 
the perpendicular, forming an angle of refraction which is less 
than the angle of incidence, as is the case in the above figure ; 
sometimes, on the contrary, it is deflected away, forming an angle 
of refraction which is greater than the angle of incidence. In the 
first case the second medium is said to be more refractive than the 
first, and in the second case it is less so. 

Different substances differ greatly in 1 aspect of their refractive 
power. Diamond is the most refractive of all bodies. Gases are 
less refractive than water; their refracting power is increased by 
condensing them—that is, by increasing their density. 

353. Experimental illustration of refraction.—The deviation 
undergone by luminous rays, on passing from one medium to 
another, may be demonstrated by numerous experiments. 

Thus, let a coin be placed at the bottom of an opaque vessel 
(fig. 340), and let the eye be placed so that the edge of the vessel 

just intercepts the \iew of 
the coin. If, now, without 
altering the position of the 
observer, water be gradu¬ 
ally poured into the vessel, 
at first only the edges of 
the coin will be seen, then 
half, and finally the entire 
piece. Now, what has taken 
place here? Nothing has 
been changed in the position 
of the eye, or in that of the 
coin ; it is the rays from the lattei which have changed their direc¬ 
tion. Those which were before intercepted by the sides of the 
vessel are so still; but rays which, before there was water in the 
vessel, passed above the observer's head, are directed towards the 
eye, being refracted in passing from water into air, so as to diverge 
from the perpendicular to the surface of the liquid, as represented 
in the figure. 

354 Various effects of refraction.—Refraction of light pro¬ 
duces various phenomena, the effect of which is to deceive the eye 
by making us see objects in other than their true positions; thus, 
we do not see fish in the place they actually occupy, but a little 
higher. It will be understood that in virtue of the same principle 
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we see the bottom of a clear river or a pond higher than it 
really is ; water that appears to be 3 feet deep is in reality 4 feet. 

The same cause makes a stick half immersed in water appear 
broken when it is looked at at the side ; for the portion out of the 
water is seen in its true 
position, while that which 
is immersed appears 
raised, from which results 
the appearance of the 
stick being broken at the 
surface of the liquid (fig. 

341). The part of a ship 
or boat visible under vet? 
water appears much flat¬ 
ter than it really is. 

In conclusion, the in¬ 
fluence may be mentioned 
which refraction e'certs y , 4 , 

upon the apparent rising 

and setting of the stars, which we can see a little before they 
are above the horizon and a httle after they have sunk below it. 

To explain this phcno- - __ 

menon, let us suppose 

the atmosphere divided ^KT S^f, 

to 

the surface of the globe, 'll 

342. Owing to the fj 

pressure everted by the 

upper layers upon the Fig. 3*7. 

lower ones, the latter arc 

more dense (140), and therefore more refractive; for, as we',have 
seen, the refracting power of the an increases with its density 
(352). The sun’s rays, which penetrate the atmosphere, are 
always reflected in the same direction as they pass from one layer 
to another ; hence their path, instead of being that of a straight 
line, will be really somewhat cuived. Thus it is that, while the sun 
is at S, below the horizon, an observer at A, on the surface of the 
earth, will see it raised by an amount which is generally equal to 
its apparent diameter. The air renders the sun visible when it is 
in fact below the horizon, in just the same way as a coin in fig. 340 
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is made visible. Hence in astronomical observations a correction 
must be made for this source of error, in order to obtain the true 
position of a star. This principle explains why the coast of 
France is often seen from Hastings, though a straight line 
connecting them would, owing to curvature, pass through the sea. 

355 - Change of refraction to reflection. —Whenever light passes 
from one medium into a more refractive one, from air into water, 
for instance, there is nothing to prevent the refracted ray from 
approaching the perpendicular to form an angle smaller than the 
angle of incidence ; but if, on the contrary, the second medium is 
less refractive than the first, in which case the refracted rays 
recede from the perpendicular, there is a limit to their deviation, 
and hence refraction may become impossible. 

To get a clearer idea of this, let us imagine a hollow glass 
sphere half filled with water (fig. 343), and a ray of light, LA, to 

enter the liquid without being re¬ 
fracted, which is the case when it 
penetrates at right angles the small 
facet which we can always con¬ 
ceive to exist at the point at which 
it enters. This ray is refracted at 
A in passing from water into air. 
and diverges from the perpendicu¬ 
lar, BAG, in the direction AK. 
Now, conceive the luminous body 
to move gradually from AC ; as 
the angle of incidence, CAL, in¬ 
creases, the angle of refraction, 
BAR, does so too ; and the angle 
of incidence may acquire such a magnitude that the refracted ray 
emerges parallel to the surface, AM, of the liquid. This angle of 
incidence is what corresponds to the limit of refraction. It is called 
the critical angle. For, for any greater angle of incidence, the angle 
of refraction should exceed the angle BAM ; and the light would 
then take below AM a direction such as A r. There would, however, 
then be no refraction, for the light, always travelling through water, 
does not change its medium. If the incident ray be then repre¬ 
sented by /A, and if we measure the two angles /AC and CAr, it 
will be found that they are exactly equal, which shows that at the 
point A the light is reflected according to the laws of reflection. 

This kind of reflection at the surface which separates two 
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media of different refracting power is called internal reflection ; 
it is also called total reflection , for here the whole of the incident 
light is reflected, which is never the case in ordinary reflection, 
even in the best polished surfaces (333). 

The phenomenon is frequently met with ; thus, if a silver spoon 
be placed in a glass of water, and the glass be raised above the 
eye, the surface of the liquid is seen 
to be brighter than the polished metal, 
and one portion of the spoon forms an 
image in it as in a mirror. Similar 
effects are met with in aquariums. 

The upper surface of the liquid, when 
looked at from a suitable position 
below, gives a reflected image of the 
objects it contains. If a stout test 
tube (fig. 344) half full of water is 
placed in a vessel of water, standing cm 
a sheet of white paper, flp, so that it 
makes an angle of about 6o°—but at 
any rate over 48°—on looking at the tube from above, the rays 
a'a reflected from the portion of the tube which contains air are 
far more brilliant than the rays b'b reflected from that in which 
is the water. If a layer of benzole be poured on water contained 




in a small beaker (fig. 345), and the bounding surface of the two 
liquids be looked at obliquely from above, it appears with the 
brightness of silver, for at a certain angle the rays cannot pass 
into the water, but are totally reflected. 

In the second vessel are water and bisulphide of carbon (fig. 
346). Here the bounding surface appears dull ; only a portion of 
the rays are reflected there, most of them passing from the water 
into the denser and more highly refractive bisulphide of carbon. 

Bubbles in water, again, glisten like pearls, and cracks in 
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transparent bodies like strips of silver, for the oblique rays are 
totally reflected. The lustre of transparent bodies bounded by 
plane surfaces, such as the lustre of chandeliers, arises mainly 
from total reflection. This lustre is more frequent and more 
brilliant, the smaller the limiting angle ; the lustre of diamonds, for 
this reason, is the most brilliant. In cutting precious stones they 
are so shaped that the rays do not emerge in consequence of ordi¬ 
nary refraction, but, being totally reflected, have unusual lustre. 

Masses of small particles of perfectly transparent bodies sepa¬ 
rated by particles of air are themselves opaque. Thus, white sand 
is powdered transparent quartz; foam is made up of transparent 
thin layers ; cloud, fog, snow, are accumulations of particles of 
transparent water or ice. In all such cases the incident light which 
penetrates must pass innumerable times into the air, which has a 
different refractive index, by which it is gradually totally absorbed. 
If the interstices between the particles of powdered glass are filled 
up with rock oil, the refractive index of which is nearly that of 
glass, the glass appears again transparent. If a false diamond 
be placed in a transparent liquid which has the refractive index 
of true diamond, it can at once be detected by its being visible. 

This may be illustrated by means of the apparatus represented 
in fig. 347, which consists of a tube con¬ 
taining bisulphide of carbon, while through 
the cork passes a flint-glass rod, these 
substances hav ing almost exactly the same 
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refractive index. When the tube is inverted so that the rod is com¬ 
pletely immersed, this latter becomes invisible or nearly so. 
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A cork disc, TT', about an inch and a half in diameter (fig-. 348), 
to which is fixed perpendicularly a brass pin, A, about an inch 
long, is floated on water. With these dimensions the rays from 
the pin which strike the surface of the water outside the cork do 
so under an angle greater than the limiting angle , and are there¬ 
fore totally reflected ; so that to an eye placed in any position 
above the surface of the water the pm is invisible, while if the eye 
is placed below the surface, as at B, an image of the pin is seen by 
reflection. 

The apparatus represented in fig. 349 affords a beautiful illus¬ 
tration of the effects of internal reflection. It consists of a metal 
cylinder filled 
with water, 
which is made 
very slightly 
turbid by add¬ 
ing a few drops 
of solution of 
mastic, or fluo¬ 
rescent by the 
addition of 
eosin, having 
near an aper¬ 
ture the bottom 
which can be 
closed by a 

stopper. Exactly opposite is a sort of glass window in the side, 
near which is a plano-convex lens (360) ; the focal length of this is 
such that the luminous cone from a lime or electric light just falls 
on the aperture. When the stopper is removed the water jets 
out and, as may be shown, in the form of the curve known as 
the parabola. Now, from the property of this curve, any ray of 
light which strikes against the inside does so under an angle 
greater than 48°, which is the critical angle ; accordingly, this light 
undergoes a series of successive internal reflections. The fluores¬ 
cence or the turbidity, by scattering a portion of the light, enables 
it to emerge, which it could not do if the water were perfectly clear, 
and the jet appears like a stream of white-hot metal. 

A further illustration of this is afforded by the experiment 
represented in fig. 350, by which light maybe transferred from one 
part to another without illuminating the intervening space. In the 
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glass rod a 6 , if not too strongly curved, the light from /, entering at 
one of the plane ends, is repeatedly reflected at the inner sides of 
the rod, and emerges at the other end. The 
glass rod acts thus on the rays of light like a 
speaking-tube on sound waves. 

356. Mirage.—The mirage is an optical 
illusion by which inverted images of distant ob¬ 
jects are seen as if below the ground, or some¬ 
times as if in the atmosphere. This phenomenon 
is of most frequent occurrence in hot climates, 
and more especially on the sandy plains of 
Egypt. The ground there has often the aspect 
of a tranquil lake on which aie reflected trees 
and the surrounding \ illages The phenomenon 
lias long been known ; but Monge, who ac¬ 
companied Napoleon’s expedition to Egypt, was 
the first to give an explanation of it 

It is a phenomenon of refrat tion, which results 
from the unequal density of the different lasers of the air when they 
are expanded by contact with the heated soil The least dense 
layers are then the lowest, and a ray of light from an elevated 
object, A (fig. 351), traverses layers which are gradually less 



refracting; for, as we have shown (353), the refracting powei of 
a gas diminishes with lessened density. The ray continues its path, 
being, However, more and more bent from one layer to the other, 
until the angle of incidence, which continually increases, reaches 
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the limit at which internal reflection succeeds to refraction (35s). 
The ray then rises at 0 , as seen in the figure, and undergoes a 
senes of successive refractions, but m a direction contrary to the 
first, for it now passes through layeis which are gradually more and 
more dense, and therefore more refracting The ray then reaches 
the eye in the same direction as if it had proceeded from a point 
below the ground, and hence it gives an inverted image of the 
object, just as if it had been reflected, at the point O, from the 
surface of a tranquil lake 

Manneis sometimes sec in the an images of the shores, or of 
distant vessels This is of more inficqucnt occurrence, but is due 
to the same cause as a mirage, though m a conti an direction 
it occurs geneiallv when the temperature of a stratum of the air is 
higher than th it of the ail below, for then total reflection may take 
place, and a ra> from a ship or the distant shore enter the eye as if 
rommg from a point in the skv lhc images of distant objects 
which ue risible to us in consequence ot m unusu il itmosphenc 
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lefrnction and icflccuon in tin an, mi\, when the density of 
the carious layers (hinges 11 iegul lrlv, appear not only distorted, 
but even in continual motion J he best example ot this is what is 
known as the Jala morjant, which aie often seen at Naples, 
Reggio, and on the 1 o ists of Sicily There are suddenlv seen in the 
air at a gical distance i ui»n (oliinins, p ila( cs. e istles, etc —in shoit, 
a multitude of objects whose appeaianet is continually thanging r 
1 his fairy like phenomenon depends on the fact that objects become 
visible which are not so in the 01 dinar] condition of the air, and 
which appear to be bioken, distoited, and continual!] moimg 
because the unecpialh dense layers of an are in a constant state of 
motion Scoie.sby obsened se\oral sueh cases in the Polar Seas. 
To the same class of phenomena belongs the tiemulous appearance 
of objects seen through the e urrent of hot air arising from a chimney 
or a spirit lamp It is related that in this way clandestine stills have 
been detected by the revenue officers Some of the stories of second, 
sight may possibly have their origin in phenomena of this kind. 

tI2 
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Tbe twinkling or scintillation of die fixed stars is also to be 
accounted for by alterations in the direction of the motion of their 
■fight due to refraction in the atmosphere. It has been observed 
that this twinkling is especially marked when the air has been dry 
for a long time, and more aqueous vapour begins to diffuse, by 
which inequalities of density are produced ; thus a marked increase 
of the brightness of the twinkling is to seafaring people a sign of 
approaching rain. 

The effect of the mirage may be illustrated artificially, as Dr. 
Wollaston showed, by looking along the side of a red-hot poker at 
a word or object ten or twelve feet distant. At a distance less than 
three-eighths of an inch from the line of the poker, an inverted image 
was seen, and within and witnout that an erect image. A better 
arrangement than a red-hot poker is a fiat sheet iron box, about 
3 feet in length by 5 to 7 inches in height and breadth (fig. 352) ; it 
is filled with red-hot charcoal and held at about the level of the 
eye. Looking over the lid of the box in the direction pm a direct, 
and in the direction pm' an inverted, image of a distant object, m, is 
seen. The same phenomenon is observed by looking along the 
sides. 

Another instance which may be given is the observation of 
Sir Robert Ball, who, when on board ship, noticed the moon rise, 
he being in such a position that the line of sight grazed the funnel 
under an angle of 20° ; the appearance of its light reflected from 
the black surface was so brilliant as to suggest the idea that the 
reflection was from a highly polished mirror. 
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CHAPTER IV 

EFFECTS OF REFRACTION THROUGH PRISMS AND THROUGH 
I.ENSES 

357. Media with plane parallel faces.—When a pencil of light 
traverses a transparent medium, three cases may be considered. 
First, that in which the medium is composed between two parallel 
planes ; secondly, that in which it is 
comprised between two plane surfaces 
inclined towards each other ; thirdly, 
that in which the medium is com¬ 
prised between two curved surfaces, 
or between a curved and a plane sur¬ 
face, which gives rise to similar 
effects. 

We will start with the consideration 
of the first case, and let L m be a ray of 
light traversing a glass plate, AB, with 
parallel faces (fig. 353). In passing 
from air into glass at the point m, 
this ray approaches the perpendicular ; but as, on its emergence 
from the glass at the point rt, it deviates from the perpendicular by 
exactly the same amount, it follows that, after having traversed the 
glass plate, its direction nO is exactly parallel to L m ; whence we 
conclude that light is displaced, but not deviated, when it traverses 
a medium with parallel faces, such as the glass in our windows. 

This holds only when the two surfaces are quite parallel and 
true planes, such as plate glass ; seen through ordinary glass, 
objects often appear out of shape. 

If a glass plate is placed over a sheet of paper on which are 
marked straight or curved lines, and they are looked at obliquely, 
a break is seen (fig. 354), which is not so when the lines are looked 
at perpendicularly (fig. 355). 
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558. Priwns. —A prism is the term applied in optics to any 
transparent medinm comprised between two plane faces inclined 

























Passage of Rays through a Prism 


359. Path of my* in a priam.— To trace the path of a ray of 
light in passing through a prism, let us suppose this cut by a 
plane perpendicular to its edges, and let mno (fig. 357) be the 
section thus obtained. If we consider the path of a ray of 
light. La, along this section and meeting the prism at a, this 
ray approaches the perpendicular to the surface tnn , and takes 
the direction ab. But on emerging from the prism it is again 
broken in the same 
direction, being de¬ 
flected away from the 
perpendicular at the 
surface mo ; for it 
passes into a less re¬ 
fracting medium. It 
forms then a broken 
line Labe ; so that 
the eye which re¬ 
ceives the ray, be, 
which is called the F, e 157 

emergent ray, sees the object in the direction ebr —that is, raised 
towards the point m (333) ; which is expressed hy saying that ar. 
object seen through a prism appears deflected towards the sutattut — 
that is, towards the edge which separates the faces of incidence 
and emergence. 

The phenomenon is very easily demonstrated by observing 
any object whatever through a prism, as represented in fig- 357 - 
The object appears to be raised when the summit of the prism is 
uppermost, and lowered when the summit is downward. If the 
prism is vertical, the image is displaced either to the right or to 
the left of the observer, according 
to the position of the refracting 
edge in either direction. 

This property which prisms 
have, of twice deflecting the light 
in the same direction, forms the 
basis of what has to be said about 
lenses. 

If we have a glass prism whose 
section, ABC (fig. 358), is a right-angled isosceles triangle, and 
if a ray of light, O, falls perpendicularly on the face CB, it wUl 
not be refracted; but it falls on the face AB, and, as can easily 
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shown, makes with the &ee aft angle of 45 0 . Now, this angle 
k |pft»ter than the critical angle of glass, which is rather less than 
sd that the ray OH undergoes at H total reflection, and takes 
the direction HI, perpendicular to the face AC, so that the eye, 
looking along IH, sees the image O' of the source from which the 
rays originally proceeded ; the face AB producing the effect of the 
most perfect plane mirror. 

This property of rectangular prisms is frequently made use ot 
when it is desired to change the direction of rays with the least loss 
of light, as m the prismatic compass (422); it is also employed 
in apparatus for projection, where a phenomenon which takes 
place on a horizontal plate, like that in fig. 421, is to be shown on 
a vertical screen. 

360. Different kinds of lenses. —In optics the name lens is 
given to masses of glass bounded by two spherical surfaces or 
by a plane and a spherical surface. The true lens, the only 
one to which the name is strictly applicable, is that m which both 
Surfaces are bulged outwards, such as are represented in a side view 
in fig 359, but this term of lens has been 
extended to other masses of glass, from the 
analogy of their action on light. 

They are usually made either of crown 
glass, which is free from lead, or of flint glass, 
which contains lead, and has greater refractive 
power than crown glass (352) 

The combination of spherical surfaces, either 
with each other or with plane surfaces, gives 
nse to six kinds of lenses, sections of which 
are represented in figs. 360, 361 , four are 
formed by two spherical surfaces, and two by a 
plane and a spherical surface. 

M is a double convex, N is a plano-convex, 
m P is a double concave , Q is a plano-concave. 

The lens O and the lens R are called meniscus 
ItOttW, from their resemblance to the crescent-shaped moon ; they 
ale also caned periscopic lenses (407). They are convexo-concave 
or concavo-convex, according to the face presented to the object. 

The first three, M N and O, which are thicker at the centre 
than jit:the borders, are convex or converging lenses; the others, 
wfi^| ire thinner in the centre, are concave or diverging lenset. 
ifiliipftrst group the double convex lens, M, only need be con- 
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aider ed, and in the second the double concave, P, as the properties 
of these lenses are in principle the same as all those of the corre¬ 
sponding groups. 

361. Principal axis; optical centre; secondary axis. —Before 
describing the properties of double convex lenses, we must 
premise some definitions analogous to those already given for 
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mirrors. A double convex lens is, as shown in fig. 362, the portion 
common to two spheres which intersect each other. That being 
understood, the centres, C and c, of these spheres are called the 
centres of curvature of the faces of the lens, and the straight line, 
XY, which passes through these points, is the principal axis. 

Besides these two centres of curvature, there is a remarkable 
point in the lenses called the optical centre. The name is given 
to a point, O, 
on the principal 
axis equidistant 
from the two 
faces of the lens 
—at all events, 
when they have 
the same curva¬ 
tures, which is 
the usual case. 

Now, it can be 

shown by geometrical considerations that any ray of light which 
passes through the optical centre emerges without deflection— that 
is, it comports itself just as if it traversed a medium with parallel 
faces (357) —while the luminous rays which do not pass through 
this point are deflected twice in the same direction, as in passing 
through prisms (359). 

Any straight line, KH, which passes through the optical centres 





without passing through rite centres of curvature, is a secondary 
axis. There is only one principal axis, but the number of secondary 
axes is unlimited. We shall subsequently learn that the principal 
and the secondary axes play exactly the same part in the formation 
of images in lenses as they do in concave and convex mirrors. 

On this assumption we may conceive, at the paints of incidence 
and emergence, two plane surfaces, more or less inclined to each 
other, producing the same effect as a prism (fig. 363). We may 
then assimilate each of the lenses M, N, O (fig. 360) to a series 
of prisms joined at the bases, and the lenses P, Q, R (fig. 361) 
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to a similar series joined 
in the opposite direction. 
This shows why the former 
should converge the rays 
and the latter diverge them, 
since a ray of light which 
has passed through a prism 
is deflected towards the 
base. Hence all convex 
lenses are convergent , and 
concave lenses divergent. 

In order to compare the 
path of the luminous rays in 
a lens with that in a prism, 
the same hypothesis is made 
as for curved mirrors (343) 
—that is, the surfaces of 
these lenses are supposed 
to be formed of an infinity 
of small plane surfaces 
or elements ; the normal at 
any point is then the per¬ 
pendicular to the plane of 
the corresponding element— 
at m, for instance (fig. 362), 
it is the straight line »C 
joining the point m to the 


centre of cm*vature; in like manner, at « the normal is cn. This 


being premised, the properties of lenses are easily deduced from 
tto&e of prisms (359). 

362. Path of rays in convex tensea. Foci.— The rays of 
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light which enter a lens may be either parallel or divergent; 
■we will first consider the former case, and suppose, further, that 
the rays are parallel to the principal axis, as is shown in fig. 364. 
From the above hypothesis, that the curved surface of a lens is an 
assemblage of small plane facets, or elements inclined towards 
each other, it will be seen that the ray X, which coincides with the 
principal axis, traverses the lens perpendicularly to the facets on 
entrance and emergence ; and that, therefore, it continues to travel 
in a right line, as traversing in reality a medium with parallel faces. 
This, however, is not the case with any other ray, L, more or less 
distant from the principal axis ; for here, the small facets at the 
points of incidence and emergence being inclined to each other like 
the faces of a prism, the ray is twice bent in the same direction, so 
as to cut the principal axis in a point F. Any other ray, M, is de¬ 
flected in the same manner, and, although more distant from the 
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principal axis, will cut it at F ; which arises from the fact that the 
two opposite facets at the points of entrance and emergence, being 
the more inclined to each other the nearer they are to the edges 
of the lens impart to the ray a greater deviation. All rays parallel 
to the axis behave in the same manner after having traversed the 
lens, and it can thus be understood how a parallel pencil is trans¬ 
formed into a converging pencil. The point where all the rays 
which were parallel to the axis coincide is called, as in the case of 
mirrors, the principal focus , and we shall represent it by the letter 
F. It may be formed on either side of the lens, according to the 
direction in which light falls on the lens. The distance of either of 
the principal foci from the lens is called the focal length of the lens. 

The focal length of a double convex lens is the shorter the 
greater the curvature of its faces. It depends also on the nature 
of the material of which the lens is formed ; the greater the refrac¬ 
tive index (351 ), the shorter is the focal length. Thus, a lens of 
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*ra»r, the refractive index erf which is 1-334, would have a greater 
fecal length than one of glass, whose refractive index is i*j, A lens 
of diamond, the refractive index of which is 2-4, or of ruby, again, 
would have a shorter focus than one of glass ; supposing of course 
the curvatures of the faces to be the same in each case. A glass 
globe filled with water is sometimes used to concentrate the light of 
a lamp on an object, as in wood engraving. 

The position of the principal focus of a convex lens is fixed, 
and is easy to determine ; nothing more is required than to 
receive on the lens a pencil of parallel rays —a pencil of sunlight, 
for instance—and then to hold behind the lens a sheet of white 
paper. By moving this, a position is found in which the luminous 

Fig. 365- 
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circle formed on the screen is least in size but brightest in lustre ; 
this point is the principal focus. 

Where sunlight is not available, the principal focus may be 
determined by ruling a scale on paper, and then holding the lens 
between it and a movable screen. The ruled paper should be 
brightly illuminated by a lamp or otherwise. By varying the posi¬ 
tion of the lens and screen, a position is found by trial in which 
the object and it* image are of the same size ; that is, the lines on 
the screen the same distance apart as those on the scale. Measur¬ 
ing then the distance between the image and the object, the focal 
distance of the lefts is one-fourth of this. 

363. Conjugate foci. —We will now consider the case in which 
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the source of light is at a small distance, hut yet farther than the 
principal focus (fig. 365). The pencil which falls upon the lens 
being then divergent, it follows that, after having traversed .the 
lens, the rays converge less rapidly than in fig. 364, and that, 
therefore, they no longer coincide in F, but beyond it, in. a point /, 
which is called the conjugate focus of the point L, to express, as in 
concave mirrors (345), the correlation of these two points, which is 
of such a kind that when the luminous object passes from L to l, 
the conjugate focus conversely passes from l to L. Thus, L and / 
are conjugate foci ; each is the focus of rays starting from the 
other. 

The position of the conjugate focus is not fixed ; it varies with 
that of the luminous object : the nearer this is to the lens, the more 
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Fig 368 


distant is the conjugate focus, as shown by comparing fig. 366 with 
fig. 36; ; in fact, the incident rays being more and more diverging, 
the emergent rays are necessarily so too. 

We will now consider the case in which the luminous object, 
coming continually nearer the lens, ultimately coincides with the 
principal focus (fig. 367). This being the point where rays parallel 
to the axis coincide, it follows, conversely, that luminous rays 
which start from this point pursue in the opposite direction the 
same path as in arriving—that is to say, that they form a pencil 
parallel to the axis on emerging frorft the lens, and that in this case 
no focus can be produced atjuiy distance. 
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I644 Virtual focus.—We have still to consider the case in which 
die refracted rays are divergent, j>. do not meet in a real focus. 
Jbet us suppose that a luminous object, continually coming nearer 
the lens, ultimately comes between it and the principal focus 
{fig. 368). The divergence of the incident pencil being then 
greater than in fig. 367, it follows that the rays after emergence 
will be more and more spread out than in this figure ; they should, 
therefore, become divergent, as shown in the pencil MN. The 
eye which receives these rays will suppose that they proceed from 
the point /, where their prolongations coincide ; in this point the 
image of the luminous object will appear. It is then, however, 
only a virtual focus, just like that in a concave mirror, when the 
luminous object is placed between the mirror and its principal 
focus. 

365. Summary of the properties of convex lenses. —From what 
has been said, we may deduce the three following principles as to 
the properties of double convex lenses :— 

I . Rays of light parallel to the axis, after having traversed a 
double convex lens, converge to a single point, which is the prin¬ 
cipal focus (fig. 364) ; and, conversely, rays from this point form, 
on their emergence from the lens, a pencil parallel to the axis 
(% 367 ). 

II. Rays of light emitted from a point outside the principa 
focus converge on emerging from the lens, and coincide in a point 
called the conjugate focus (fig. 365), which is formed at a greater 
distance behind the lens, the nearer the luminous obiect is to the 
principal focus (fig. 366). 

III. Finally, the rays from a point between the lens and the 
principal focus diverge as they emerge, and give rise to a virtual 
focus on the same side as the object (fig. 368). 

A knowledge of these properties of foci is requisite in explaining 
the formation of images by lenses. 

366. Real images produced by convex lenses. —The refraction 
oflight in double convex lenses gives rise to images, which are 
quite comparable with those seen by reflection in concave mirrors 
{347), and, like these, are of two kinds, real and virtual. 

We will first consider the case of a real image. This is 
formed whenever any object is placed in front of a convex 
lens outside its principal focus; the lens reproduces then, on the 
Other side, a revised image of the object, which may be caught 
upon a screen (fig. 369), and is equally remarkable for the fidelity 
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of the colour and for the accuracy of the outlines; this is the real 
image. Its formation may be readily understood by reference to 
what has been said about conjugate foci (363). Yet it must be 
added that, as sill the properties of the principal axis apply also 
to the secondary axis, it follows that, as a point on the principal 
axis has always its focus on this axis, so also any point on a 
secondary axis has its focus on the latter. Hence, in the figure 
below, all rays from the point A converge at a on the secondary 
axis through this point, and form the conjugate focus of this point 
—that is to say, its image. In like manner, the image of the point 
B is formed at b, and, as the same is the case for all points of the 
object, the result is a series of conjugate foci. These in their 
entirety constitute the image ab, which is inverted and smaller. 
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Fig 169 


The reversal arises from the crossing of the secondary axes between 
the object and the image, and its smallness from its being formed 
nearer the lens than the object is. 

Yet the image is not always smaller than the object; it may 
be larger. For, from the reciprocity between the position of the 
object and its conjugate focus (363), if, in fig. 369, ab were the 
object, then, as the luminous rays pursue the same path, but in the 
opposite direction, the image would be formed at AB, reversed 
as before, but larger. A convex lens may thus give real images, 
which are either smaller or larger than the object. This may be 
verified by the following experiment: A double convex lens is 
placed in a dark room, and in front of it, but some yards beyond 
the principal focus, a lighted candle. If then there is placed 
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behind the lens a screen, which can be moved more or less near, 
a position is found in which there is produced on the screen a very 
small and inverted image of the candk. If, on the contrary, the lens 
is brought nearer to the candle and at the same time the distance 
of the screen is increased, an inverted image is still obtained, but it 
is greatly enlarged, as shown in fig. 370. 

This principle, that convex lenses give real and very small 
images of distant objects, and, on the contrary, greatly magnified 
images of near objects, will meet with numerous applications in 
the optical instruments which will be presently described. The 
apparatus represented in fig. 370 is convenient for investigating 
optical phenomena : it is known as the optical bench. 
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If we replace the lens by a concave mirror and interchange the 
position of the mirror and the light, the laws of the formation of 
images in concave mirrors may be investigated. 

367. Virtual images in convex lenses.—Besides the real images 
we have just considered, convex lenses give also virtual images, 
which are produced under the same conditions as the virtual 
foci—that is, when the object is between the lens and the prin¬ 
cipal focus. For let an object, ab (fig. 371); he placed between a 
doable convex lens and its principal focus, F ; applying here what 
was previously said in reference to virtual foci, we know that all rays 
proceeding from any point, a, of the object emerge while diverging, 
and reach the eye as if they proceeded from the point A, where 
the prolongations of the same rays coincide, and where there is 
formed for the eye the virtual image of the point a. For the same 
reason the eye sees at B the image of b j hence the image of ab 
appears at AB, but it is virtual—that is to say, it does not really 
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exhrt, it could not be received on a screen, and is only an optical 
illusion. 

It is to be remarked that, in opposition to what takes place when 
the image is real, the virtual image is erect, and in all cases larger 
than the object. The rectification of the image arises from the fact 
that the secondary axes do not intersect between the image and 
the object, but beyond it; the magnification arises from the image 
being farther than the object from the point of intersection of the 
secondary axes which pass through a and b. 

The term lens is applied to the lenticular glasses used as magni¬ 
fying glasses. Every one is aware that if the print of a book be 
closely looked at through such a lens, it will appear larger ; if 
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the lens be gradually removed, a position is reached when the 
printed chaiacters disappear. This is the case when they are in 
the principal focus : when it is still farther removed, the characters 
reappear ; but they are reversed, for they are then beyond the 
principal focus. 

368. Double concave lenses; foci and images.—We have seen, 
in speaking about double convex lenses, that as the thickness 
decreases from the centre towards the edge, the small plane facets 
corresponding to the incidence and convergence of the same ray 
are more and more inclined from the centre to the periphery. 
But in double concave lenses, on the contrary, where the thickness 
increases from the centre to the edge, the small facets are more 
and more apart ; and hence the opposite phenomena. For, while 
double convex lenses cause the rays which traverse them to 

r f 
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comcide, by breaking them twice in the same direction, so as to 
bring them nearer the principal axis, double concave lenses pro¬ 
duce the opposite effect, and only increase the divergence of the 
rays. 
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This may be readily understood by reference to fig, 372, tn 
which it is apparent how the rays are twice broken in the same 
direction, so as to diverge from the axis and give rise to the 
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pencil MN. But the eye which receives this pencil is 
upon by it as if the luminous object were at /; there is 
.uced a virtual focus—the only one possible in concave 
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As these kinds of lenses have only virtual foci, they can produce 
none but virtual images ; these images are, moreover, always erect 
and smaller than the object. Thus, let AB be an object seen 
through a double concave lens (fig. 373); the pencil of light from 
A is deflected on passing through the lens, in such a manner as to 
reach the eye as if it were emitted from a point, a, on the secon¬ 
dary axis, AO. In like manner, the pencil from the point B reaches 
the eye as if it started from the point b. A virtual image of the 
object AB, which is smaller and erect, is formed, therefore, at ab, 
between the secondary axes AO and BO. This image is necessarily 
always smaller than the object, for it is nearer the point, O, where 
the secondary axes intersect. 

369. Refraction of heat.—When a pencil of the sun’s rays is 
received on a condensing lens, not merely is light concentrated on 
its focus, but heat also ; for a piece of an inflammable substance 
—such as tinder, paper, cloth, wood—placed in the focus, soon 
begins to burn. 

This property which condensing lenses have is utilised for 
producing fire in what are called burning-glasses. The parallel 
rays of the sun falling on the condensing lens converge after 
refraction to the principal focus of the lens, where an image of 
the sun is formed, and may become dangerous by acting as a 
source of fire. The same danger may arise with spherical glass 
vessels filled with water, for they refract the light and heat like 
double convex lenses. Thus a vase for holding gold-fishes has 
been known to act as a burning-glass, setting fire to window- 
curtains near which it had been left in the sunshine. A drop of 
water, too, on a leaf, concentrates the sun’s rays, and frequently 
marks the leaf. 

The concentration of the heat-rays of the sun has received a 
curious application in certain sundials, when the hour of midday 
is marked by the discharge of a small cannon (fig. 374). Above the 
cannon is a condensing lens, the focus of which exactly corresponds 
to the touch-hole of the cannon the moment the sun passes the 
meridian of this place. Hence, the cannon being charged and 
primed beforehand, the lens ignites the powder just at midday, and 
the explosion announces the time at a distance. 

The time thus given is what is called in astronomy solar 
time, or true time, in which the length of day varies. Now, our 
watches and clocks, being regulated for mean time —that is to say, 
for an unchangeable day—only agree with the sun four times a 

m 
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December 24, April 15, June 15, and September 1. On 
February 11 a clock giving mean time is 14' 37" faster than the 
sun, and on November 3 it is 16' 17" slow. The equation of time 
represents the amount which on all the days of the year must be 
added to or taken from the time of a clock to obtain the true time. 
Hence, strictly speaking, it is incorrect to use the ordinary expres¬ 
sion that a good watch or good clock goes like the sun. 

The same principle is applied in the sunshine recorder, which 
consists essentially of a glass sphere on which the sun’s rays fall, 
their image being received on a strip of mi board stretched in a 
frame at the proper focal distance. When the sun shines, a mark 
is burnt in the millboard, which is not the case when the sun sets 
or is hidden by a cloud. As the sun moves, the position of the 
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Spot moves too, and thus we have a senes of marks, or, where the 
sun shines continuously, a lme 

Brewster described a lens three feet in diameter, and the rays 
after passing through it were received on a second lens 13 inches in 
diameter. The sun’s rays were brought to a focus at a distance of 
63 inches from the targe tens, forming a smait arete three-eighths 
of an inch in diameter. The heat here was so intense as to melt 
in a few seconds the most refractory metals. 

379. Lighthouses.— Lighthouses built near the seashore or on 
detached rocks are intended to produce luminous signals visible 
at great distances, in order to guide manners in darkness and 
enable them to keep clear of danger. Oil lamps were formerly used, 
placed in the principal focus of parabolic reflectors, which sent the 
reflected light to a great distance, its rays being parallel. 
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la 1822 Fresnel made a great improvement in the illumination 
of lighthouses by substituting for metal reflectors, which soon 
tarnished, large plano-convex lenses, in the focus of which he 
placed a powerful lamp with four concentric wicks, and equal in 
jlluminating power and quantity of oil consumed to seventeen 
Coral lamps (331). But the difficulty of constructing such lenses, 
which must necessarily be large, and which should at the same 
time not be thick, so as not to absorb much light, led Fresnel to 
adopt a special system of lenses, known as Echelon or lighthouse 
lenses. 



Fig 376 


Seen in front in fig 375, and in profile in fig. 376, they consist 
of a plano-convex lens, A, a foot in diameter, round which are 
arranged eight or ten glass rings, which are also plano-convex, 
and whose curvature is calculated so that each has the same focus 
as the central lens, A. A lamp is placed in the focus of this re¬ 
fracting system, and above and below the lenses are arranged 
silvered glass mirrors, mn ; thus the rays which would be lost 
towards the sky and the earth are utilised and sent in a horizontal 
direction. By this double combination a vast horizontal beam of 
light is obtained, which penetrates to a distance of 20 or 30 
miles, but only in one direction. To increase the number of points 




6f the horaon at which the light may be seen, Fresnel, instead ot 
a single system of lenses and mirrors represented in fig. 376, 
united eight such arrangements, so as to form an enormous glass 
pyramid with eight faces, as seen in fig. 377, which represents a 
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no help from the lighthouse. This difficulty was removed by 
Fresnel by means of a very simple mechanism, represented at the 
lower part of fig. 377. Clockwork, M, moved by a weight, P, 
imparts to the whole system of lenses, AB, a slow rotary motion. 
During a complete revolution of the apparatus, the whole horizon 
is successively illuminated, and the mariner, lost in the night, sees 
the light alternately appear and disappear after equal intervals of 
time. These alternations serve to distinguish the light of a 
lighthouse from a ship’s light or a star. By means, too, of the 
number of times the light disappears in a given time, and by the 
colour of the light, sailors are enabled to distinguish lighthouses 
from one another, and hence to know their position. 

Of late years the use of the electric light has in many lighthouses 
been substituted for that of oil lamps. A description of the 
apparatus will be given in a subsequent chapter. 
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CHAPTER V 

decomposition of light by prisms 

371. Solar spectrum.—In speaking of prisms and lenses, we 
have only considered the change in direction which these trans¬ 
parent media produce in luminous rays, and the images which 
result therefrom ; but the phenomenon of refraclion is by nc> means 
so simple as we have hitherto assumed : when while light, or that 
which reaches us from the sun, passes from one medium into 



Fig. 378. 

another, it is decomposed into several kinds of lights a phenomenon 
to which the name of dispersion is given. 

In order to show that white light is decomposed by refraction, 
a pencil of the sun’s rays (fig. 378) is allowed to pass through a 
small aperture in the window-shutter of a dark chamber. This 
pencil tends to form a round and colourless image of the sun on a 
screen; but if a flint-glass prism arranged horizontally be inter- 
posed in its passage, die beam, on entering mid emerging from 
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the prism, is refracted towards its base, and produces on a distant 
screen a vertical band v, /, 6 , g, y, o, r, rounded at the ends and 
coloured in all the tints of the rainbow. This coloured band is 
called the solar spectrum. In this spectrum, the production of 
which forms one of the most brilliant optical experiments, there is 
in reality an infinity of different tints, which imperceptibly merge 
into each other ; but, with Newton, it is customary to distinguish 
seven principal colours, as seen in the coloured plate. These are 
violet ', indigo , blue, green , yellow , orange , red ; they are arranged 
in this order in the spectrum, the violet, v, being the most refran¬ 
gible, and the red, r, the least so. They do not all occupy an 
equal extent in the spectrum, violet having the greatest extent, and 
orange, o, the least. 

From the experiment ot the solar spectrum Newton concluded 
that white light—that is, light coming from the sun—is not homo¬ 
geneous (that is, simple), but consists of seven different lights 
which, united, give the impression of white, while, when separated, 
each produces its own colour. He ascribed the separation of these 
seven lights in their passage through the prism to their different 
degrees of refrangibility. For if they were all equally refrangible, 
as they would be equally bent on entering and emerging from the 
prism, they would traverse it without being separated, and the 
light would be white on emerging as well as on incidence. 

372. The colours of the spectrum are simple.—If one of the 
colours of the spectrum (the yellow, for instance) be isolated by 
intercepting the others by means of an opaque screen, and if the 
light thus intercepted be allowed to pass through a second prism, 
it is deflected, but without decomposition ; that is, it only gives rise 
to a single emergent pencil. As the same phenomenon is observed 
with the other colours of the spectrum, it is concluded that they 
are indecomposable by the prism, which is expressed by saying 
that the seven colours of the spectrum are simple or primitive 
colours. The light emitted from luminous bodies is seldom or never 
simple ; on being examined by the prism it will be found to contain 
more than one colour. In optical researches it is frequently of 
great importance to produce homogeneous or monochromatic light. 
Common salt in the flame of a Bunsen’s lamp gives an orange 
yellow of very great purity. For red light, ordinary light is 
transmitted through glass coloured with sub-oxide of copper, which 
absorbs nearly all rays excepting the red. 

As regards the cause in virtue of which one part of the spectrum 
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produces in us the sensation of red, another of yellow, another of 
Orange, and so forth, the tindulatory theory teaches ns that it de¬ 
pends upon the number of vibrations per second performed by the 
molecules of the luminiferous ether (323). The number, which is 
very great, differs with each colour, and increases from red to violet; 
for the extreme red it is 458 millions of millions in a second, and 
for violet 727 millions of millions. As the velocity of propagation 
is the same for all the colours of the spectrum, but each corre¬ 
sponds to a different number of vibrations, it follows that the wave¬ 
lengths must vary with different colours. 11 may easily be calculated 
that in the case of red the length of the wave is 650 millionths 
of a millimetre, and for violet 412 millionths. 

373. Luminous, heating, and chemical effects of the spec¬ 
trum.—The various spectral rays differ not only in their colour, 
but also in their luminous power, in their heating power, and in 
the chemical effects to which they give rise. It is found that the 
rays of medium refrangibility, the yellow and the green, illuminate 
the most powerfully. Thus, the print of a book placed in the 
yellow pencil is seen more distinctly than in the red or violet. 

The heating action of the spectrum is demonstrated by succes¬ 
sively placing a very delicate thermometer, or preferably a linear 
thermopile (Book VIII., chapter xiii.), in the various parts of the 
spectrum. It is observed that the heat attains its greatest intensity 
in the red, or rather a little beyond it. The existence of these in¬ 
visible heat-rays, which are the least refrangible of the spectral 
rays, was discovered by Sir J. Herschel. 

Passing from the heating action of light to its chemical action, 
we find that it tends to destroy most vegetable colours, such as 
wall-papers and dyed stuffs, which rapidly fade if exposed to bright 
light. Some chemical substances are known which are naturally 
white, and are blackened by the luminous rays, on which property 
depends the art of photography ; there are mixtures of gases also, 
such as that of hydrogen and chlorine, which suddenly explode 
when exposed to the sun’s rays. These chemical effects are not 
produced equally in all the parts of the spectrum ; the greater 
chemical action is met with m the violet, and even a little beyond. 

Figi 379 represents the distribution of the heating, the luminous, 
an&fl^. chemical action of the spectrum ; the shaded lines repre- 
t g &Mji the parts of the spectrum not visible to the eye, which 
S|§Scl in bbth directions to a greater distance than is repre¬ 
sented in thift figure. The curve I represents the heating effect of 
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Dark Lines of the Spectrum 



the spectrum, from which it will be seen that it is greatest at a 
little distance outside the visible red; the curve II represents 
the intensity of the light, which is greatest near Fraunhofer's 
line D in the yellow (374); the greatest chemical, or, as it is 
sometimes called, actinic , action is, as follows from the form 
of the curve III, just about the violet in the visible part of the 
spectrum. The invisible rays beyond the violet are known as the 
ultra-violet rays. 

There is no essential difference between light rays, heat rays, 
and actinic rays. They are all physically the same, differing only 
in respect of wave-length. The eye is only capable of being acted 
on by waves whose wave-length lies between certain limits—those 
of the prismatic spectrum. These are called luminous rays. Rays 
whose wave-lengths are outside these limits, too great or too small, 
do not affect the eye. The short waves most powerfully affect 
a photographic plate. They are called actinic rays. The shorter 
the wave, the greater the refrangibility of the ray. The long 
waves corresponding to the rays beyond the visible red of the 
spectrum have the most powerful heating effects. Strictly speak¬ 
ing, we ought not to talk of light or heat as coming from the sun. 
The radiation from the sun consists of waves of all manner of 
lengths, from very small to very large. Such radiation falling on 
the blackened bulb of a thermometer is entirely absorbed, and 
manifests itself as heat only. If the radiation fall on a photographic 
plate, the plate, as it were, picks out the short waves and is chiefly 
acted on by them ; but plates can be made so sensitive as to be 
susceptible to the action of red rays, and even those beyond the 
red. We may say, then, that solar radiation is neither heat nor 
light nor chemical action, but any one of these, according to the 
nature of the receiver on which it falls. 

374. Dark lines of the spectrum.—The colours of the solar 
spectrum are not perfectly continuous, but the spectrum is crossed 
throughout its whole extent by a great number of very narrow, dark, 
transverse lines. They are best observed when a beam of sunlight 
is admitted into a darkened room through a narrow- slit. If, at a 
distance of three or four yards, we look at this slit through a flint- 
glass prism, with its edge held parallel to the slit, we observe a 
number of very delicate dark lines parallel to the edge of the prism 
and at very unequal intervals. 

The existence of these dark lines was first observed by Wollas¬ 
ton in 1802 ; but Fraunhofer, a celebrated optician of Munich, first 



stumen. and gave a detailed description of diem. He mapped the 
lines, and denoted the most marked of them by the letters A, a, B, 
C, J 3 , E, b, F, G, H; they are therefore generally known as 
FmtnkofeSs lints. 

The dark line A (see fig. i of the Plate, p. 444) is towards the 
end, and A in the middle, of the red ; C is in the red, but rather 
nearer the orange; D is in the orange, E in the green, F in the 
transition from green to blue, G in the indigo, H in the violet. 
There are certain other noticeable dark lines, such as a in the red 
and b in the green. In the case of the sun’s light the positions of 
the dark lines are fixed and definite; m the spectra of the fixed 
stars the relative positions of the dark lines vary. For the electric 
light there are bright lines instead of dark ones ; and in coloured 
flames—that is to say, flames in which certain chemical substances 
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are being evaporated—the dark lines are replaced by very brilliant 
lines of light, which differ with different substances 

375 - Spectrum analysis. —This property of coloured flames was 
first discovered by Sir John Herschel, who remarked that by 
volatilising substances m a flame a very delicate means is afforded 
Of detecting certain ingredients by the colours they impart to cer¬ 
tain parts of the spectrum; and Fox Talbot, in 1834, suggested 
Optical analysis as probably the most delicate means of detecting 
minute quantities of a substance. To Kirchhoff and Bunsen, how¬ 
ever, is really due a method of basing on the observation of these 
lines a method of analysis. They ascertained that salts of the 
same metal, when introduced into a flame, always produce lines 
which are identical in colour and position, but different in colour, 
position, or number for different metals; and, finally, that an 
exawdjngly small quantity of metal suffices to disclose its existence. 
Hfilliat arisen a new method of analysis known as sptcinm 
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a Bunsen's turner, in which coal gas is burned, mixed with air in 
such a manner that a flame of little or no luminosity, but of great 
heat, is produced. The substance to be examined is placed in 
this, either in a solid form or in a state of solution, or on platinum 
wire at the end of the support c. It is thus volatilised by the 
intense heat, and the flame G is coloured. The rays emitted by 
thts flame pass through the slit and the lens, so that on emerging 
they form a parallel pencil of rays, which falls on the prism P 
Here they are refracted and decomposed, and form a spectrum, 
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which can be seen by an observer cm looking through the tele- 

*3e$se A, 

The tube C has a different function; it contains a micro* 
metric scale photographed on glass so that it is white on a dark 
ground. The light from the candle, F, passing through the scale 
and the lens in C, falls m parallel rays on the face of the prism P, 
and is reflected thence through the object-glass of A, so that the 
observer, seeing the spectrum and the scale simultaneously, can 
exactly measure the relative positions of the various spectral lines. 
M is a metal cap with three apertures, which covers the pnsm so 
as to exclude the diffused light. 

Prisms of different substances may be combined in such a way 
that the incident light, though refracted and decomposed, pre¬ 
serves on the whole its original direction and produces a spectrum. 


r 
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Combinations of prisms of this kind are used in what are called 
direct-vision spectroscopes. Flg. 381 represents the section of such 
an instrument m about $ the natural size A system of two flint 
and three crown glass prisms is placed in a tube which moves m 
a second one ; at the end of this is an aperture, o, and inside it a 
slit the width of which can by a special arrangement be regu¬ 
lated by simply turning a ring r. A small achromatic lens is 
introduced at aa, the focus of which is at the slit, so that the rays 
pass parallel through the train of prisms, and the spectrum is 
viewed at e. 

Such apparatus are extremely convenient, and are indispensable 
in observing the spectra emitted by bodies which rapidly change 
their place, such as falling stars. For astronomical purposes they 
art constructed of suitable dimensions and fitted to telescopes. 

377. Experiments with the spectroscope. —The coloured plate, 
page 444, shows certain spectra observed by means of the spectro¬ 
scope. Fig. I. represents the solar spectrum. 

'Fig. II. shows the spectrum of potassium. It is continuous — 
that is, it contains all the colours of the solar spectrum. Moreover, 
it is masked' bf two bright lines one in the extreme red, cone- 
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spending to Fraunhofer's dark line A; the other in the extreme 
violet. 

Fig. III. shows the spectrum of sodium. This spectrum con¬ 
tains neither red, orange, green, blue, nor violet. It is marked by 
a very brilliant orange-yellow ray in exactly the same position as 
Fraunhofer’s dark line D. Of all metals, sodium is that which 
possesses the greatest spectral sensibility. In fact, it has been 
ascertained that one-two-hundred-millionth of a grain of common 
salt is enough to cause the appearance of the yellow line of sodium. 
Consequently it is very difficult to avoid the appearance of this line, 
A very little dust scattered in the apartment is enough to produce it, 
which shows how abundantly sodium is diffused throughout nature. 

Figs. IV. and V. show the spectra of casium and rubidium , 
metals discovered by Bunsen and Kirchhoflf by means of spectral 
analysis. The former is distinguished by two blue lines, the latter 
by two very brilliant red lines and by two less intense violet lines. 
A third metal, thallium, was discovered by the same method by 
Sir William Crookes in England, and independently by M. Lamy 
in France. Thallium is characterised by a single green line. 

Subsequently to this Richter and Reich discovered a new 
metal associated with 2inc, which they call indium , from a 
couple of characteristic lines which it forms in the indigo. Bois- 
baudran discovered a new metal which he called gallium associated 
with zinc in very' minute quantities. Quite recently Ramsay has 
discovered in the mineral cleevite a substance giving a line near 
the sodiutn which had hitherto been only found in the solar spec¬ 
trum ; it was hence known as the helium line. The substance 
helium is a gas. 

The extreme delicacy of the spectrum reactions, and the ease 
with which they are produced, constitute them a most valuable help 
in qualitative analysis. It is sufficient to place a small portion of 
the substance under examination on platinum wire, as represented 
in fig. 380, and compare the spectrum thus obtained either directly 
with that of another substance, or with the charts in which the 
positions of the lines produced by the various metals are laid down. 

With other metals the production of their spectra is more 
difficult, especially in the case of some of their compounds. The 
heat of a Bunsen’s burner is insufficient to vaporise the metals, and 
a much higher temperature must be used. This is obtained by 
taking electric sparks between wires consisting of the metal whose 
spectrum is required, and the electric sparks are most conveniently 
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obtetaed by meant of RvSmkoHfa coil ($56). Thus all the met«f» 
may be brought within the sphere of spectrum observation. 

The spectroscope has proved a most powerful instrument of re¬ 
search in astronomical investigation, and has led to most important 
conclusions respecting many celestial phenomena- An account of 
them is, however, inconsistent with the scope of this work. 
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378. Recomposition of white light.—Not merely can white 
light be resolved into lights of various colours, but, by combining 
the different pencils separated by the prism, white light can be 
reproduced, This recomposition may be effected in various ways. 

I, A pencil of solar light is decomposed by a prism, as shown 
in fig. 383, and the spectrum is received, not on a screen, but on a 
rather large double convex lens in the focus of which is placed a 
small cardboard or ground-glass screen. The seven colours of the 
spectrum coincide in the focus, and here is formed on the screen a 
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perfectly white circular image, which shows that the union of the 
seven lights of the spectrum reproduces white light. 

II. The same result is attained by replacing the double convex 
lens in the preceding experiment by a concave mirror. The seven 
coloured pencils being reflected from this mirror, there is formed 
in the focus the same white image as in that experiment. 

III. By means of Newton’s disc it may be shown that the com¬ 
bination of the seven colours of the spectrum forms white. This is 



Fig. 383. 


a cardboard disc of about a foot in diameter (fig. 383); the centre 
and the edge are covered with black paper, while in the space 
between there are pasted strips of paper of the colours of the spec¬ 
trum. They proceed from the centre to the circumference, and 
their relative dimensions and tints are such as to represent five 
spectra. When this disc is rapidly rotated, by means of the turn¬ 
ing table represented in fig. 383, it appears white, or at all events of 
a greyish white; for the colours which cover it cannot be arranged 
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exactly tat the same proportions as those of the spectrum, nor tare 
the tints so pure. 

To explain this phenomenon let us observe that the impression 
produced upon the eye by the sight of a luminous body lasts a 
certain time after the cause which produced it has ceased. Thus, 
if a lighted stick be rapidly swung round, a circle of light is pro¬ 
duced, which shows that the sensation produced upon the eye lasts 
after the stick has passed from in front of this organ. A harp-string 
while vibrating as it sounds appears like a thin transparent ribbon ; 
a skyrocket in its rapid ascent appears like a line of light. Thus, 
too, in the above experiment, the disc is turned so rapidly that the 
action of the seven colours is virtually simultaneous, and the eye is 
affected as if it received them all together, and the disc therefore 
appears white. 

379. Zoetrope. Phenakistoscope.—Several interesting experi¬ 
ments depend on the fact that the impression produced on the 
retina lasts after the cause producing it has ceased to act : such are 
the zoetrope , or wheel of life ; the thaumatrope , or magical disc ; the 
phenakistoscope , or deceiving disc. This last consists of a disc 
near the edge of which are a senes of equidistant apertures ; and 
on corresponding parts of a circle near the centre is depicted an 
object such as a rider on horseback, a bird flying, etc., in various 
stages of its motion. If the disc is made to rotate rapidly, while 
the picture side is held in front of a mirror, the eye, on looking 
through the apertures, no longer sees the separate stages ; on the 
contrary, they all insensibly merge into each other, and coalesce 
to form a single impression, which is that of an actually moving 
body. 

The zoetrope , or wheel of life , is very convenient for represent¬ 
ing a number of vibratory motions. It consists of an open cylinder 
which can be rotated about its vertical axis, and has a number 
of vertical slits at the top. If the successive positions of a 
vibrating pendulum, for instance, are drawn on a narrow strip of 
paper, equal in length to the circumference, and this is placed 
inside the Cylinder, when the wheel is rapidly rotated, on looking 
through the slits the pendulum seems as if it were steadily 
vibrating. 

In the Cinematograph a rapid succession of moving objects are 
taken by instantaneous photography, and their images, sharply 
illuminated, are successively projected in the same order on a 
screen which allows a certain fixed short time of exposure to each 
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picture before the next picture appears. In this way the most 
interesting and varied phenomena are vividly reproduced with 
lifelike accuracy. 

If two threads are fixed to the edges of a cardboard disc, it 
can be rapidly rotated so that the two sides are alternately seen in 
rapid succession. If a broad black band is drawn on one side and 
a similar one is drawn at right angles to it on the opposite side, 
as represented in fig, 385, on rotating the disc the appearance of a 
cross is seen. If on one side a bird and on the other a cage are 
drawn, when the disc is 
rapidly rotated the bird 
appears in the cage, etc. 

A certain duration of 
a luminous impression 
is necessary to produce 
an effect on the retina; hence it is that we do not see a very 
rapidly moving object, such as a bullet fired from a gun. 

To this class of phenomena belongs also the fact that when a 
brightly illuminated jet of water is looked at through a rotating disc 
in which are a number of radial slits (fig. 384), the jet, instead of 
appearing continuous, seems as if made up of a number of indi¬ 
vidual drops. 

380. Newton’s theory of the composition of light and the 
colour of bodies.—Newton was the first to decompose white light 
by the prism, and to recompose it. From the various experiments 
which we have described he concluded that white light was not 
homogeneous, but formed of seven lights unequally refrangible 
which he called simple or primitive lights. 

He was further led to the conclusion that bodies are not ot 
themselves coloured—that is, have no colour of their own—but that 
they have the property of decomposing the white light which 
illuminates them, and of reflecting unequally the various kinds erf 
light of which it is formed. Thus, vermilion is not red of itself, but 
is endowed with the property of reflecting red light and of absorbing 
all others, or, at any rate, of only reflecting them in far less propor¬ 
tion. In like manner the leaves of plants are not truly green ; they 
have merely a greater reflecting power for green than for any other 
colour. In short, bodies are only coloured by the light they reflect 
For, let these same green leaves be placed in a spectrum projected 
in a dark room : if they are in the green band they will appear of a 
dsutling green, far brighter than their natural colour ; but if they 
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Hjrtf placed in the thdor in the violet they will appear black, for 
the reason that they Absorb both red and violet rays, and only 
reflect green. A similar effect is produced if a rose be successively 
placed in each of the spectral bands, showing that the colours of 
bodies are not peculiar to them, but depend upon the kind of light 
which their molecular constitution gives them the power of absorb¬ 
ing and reflecting. In speaking, too, of the green or the red 
pencil, we do not mean that they are coloured of themselves, but 
merely that they have the power of producing in us the sensation 
of green or of red. The eye judges colours as the ear judges 
sounds ; both the colours and the sounds depend on the frequency 
of vibration of the particles of the media by which light and sound 
respectively are transmitted. 

Bodies which reflect all colours in the spectrum equally well are 
white, those which reflect none at all are black ; so that black is 
not really a colour, but the absence of colour. 

The varied shades which coloured bodies present result not 
merely from the fact that they simultaneously reflect various kinds 
of light, but from the fact that they reflect them to different extents. 
Thus, a body which reflects yellow and blue light will be green, 

but a green the shade of which varies 
with the quantities of yellow and blue 
light which the body reflects. If, by 
means of an opaque screen, part or all 
of certain colours of the spectrum be 
intercepted, and the others be united by 
means of a lens, as shown in fig. 382, 
there is no shade in nature which can¬ 
not be reproduced, but with a lustre 
and richness of colour which artificial pigments can never attain. 

The simplest way of mixing coloured light is shown in fig. 386. 
P is a small flat piece of glass, b and g are two coloured wafers. 
The observer looks through the glass plate at b, while the coloured 
light from g is reflected from this glass ; if g be placed in a proper 
position, which is found by trial, its image nearly coincides with 

• e .1 __ _ .. % . _ f .. A. I 



Fig. 386. 


that 
a coloi 



then appears as if there were a single wafer at b with 
iuced by the mixture of the two real ones. In this 
the light from b which traverses the glass actually 
that from g, which is reflected from it, and the two 
On to the retina at o. 

381. Colours of tranaparent bodies—Welhave seen above that 
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opaque bodies owe their colour to the power of decomposing light 
by surface absorption, and of reflecting certain colours more abun¬ 
dantly than others. It is owing to the decomposition of light that 
transparent bodies seem to be coloured ; though here the absorp¬ 
tion is effected throughout the mass and not at the surface only. 
If all the rays of the spectrum were equally transmissible by trans¬ 
parent media, they would necessarily be colourless ; that, however, 
is never quite the case—at all events, when the media have a cer¬ 
tain thickness ; for then they absorb certain colours of the spectrum 
more than others, and have the tint of the moTe transmissible 
colour. Water, for instance, seen by transmission through a great 
thickness, has a greenish tint, which show's that, of all colours 
contained in white light, it allows green to pass most easily. 

Air, in great thickness, gives a bluish tint to distant objects, 
which would rather tend to prove that air is more transparent for 
blue than for any other spectrum colour. It is more probable, how¬ 
ever, that this effect is due to the presence of the aqueous vapour 
in the air. 

382. Complementary colours. After-images.—If one or more 
colours be suppressed in white light, when decomposed by the 
prism, the residue corresponds to one of the tints of the spectrum ; 
and the mixture of the colours taken away produces the impression 
of another spectral colour. Thus, if in fig. 382 the red rays are cut 
off from the lens, the light on the screen is no longer white, but 
greenish blue. In like manner, if the violet, indigo, and blue of 
the colour-disc be suppressed, the rest seems yellow, while the 
mixture of that which has been taken out is a bluish violet. Hence 
white can always be compounded of two tints ; and two tints which 
together give white are called complementary colours. Thus, of 
spectral tints, red and greenish blue are complementary to each 
other; so are orange and Prussian blue, yellow and indigo blue, 
greenish yellow and violet. 

A distinction must be made between spectrum colours and pig¬ 
ment colours. Thus, a mixture of pigment yellow and pigment 
blue produces green and not white, as is the case when the blue 
and yellow of the spectrum are mixed. The reason of this is that 
in the mixture of pigments we have a case of the subtraction of 
colours, and not of addition. For the pigment blue in the mixture 
absorbs almost entirely the yellow and red light, and the pigment 
yellow the blue and violet light, so that only green remains. 

Effects of complementary colours are met with in many curious 
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experiments. Thus, let any coloured object—a wafer, for instance— 
be placed on a black ground, and let it be viewed for some minutes 
until the sight is fatigued ; if then the eyes be turned to a sheet of 
white paper, an image will be seen of the same form as the object, 
bat of the complementary colour—that is, if the wafer is red, its 
image will be green ; if it is orange, the image will be blue ; and 
so forth. In like manner, if, after looking for some time at the 
setting sun, the eye be turned to a white wall, an intense green 
disc will be seen, which lasts for some minutes, after which the red 
image appears ; a second green image succeeds to it, and so on 
for a great number of times, until the appearance fades away. 

These images, which thus persist some time after an object has 
been looked at, and which have the complementary colours to those 
of the object, are called the after-images, or after-colours. 

There is another kind of after-colour : when a coloured object 
placed on a white ground is attentively looked at for some time, the 
object is seen to be surrounded by a colour which is complementary 
to that of the object. This phenomenon, which is known as the 
accidental halo, is easily verified by means of a coloured wafer placed 
On a sheet of white paper. 

These are known as subjective phenomena, because they do not 
belong to the object itself, but have their origin in the structure of 
the eye itself. Our judgment as to colour is greatly influenced by 
contrast. A gas flame, whose light, seen by itself, appears white, 
appears reddish in twilight or moonlight, and most of all by the 
light of the electric arc. If light is admitted into a dark room 
through two small holes near each other in a shutter, two bright 
spots are produced. If one aperture is dosed with a red glass, the 
white spot arising from the other aperture appears green, and vice 
versA. 

When several pieces of cloth of the same colour are successively 
looked qt, it will be seen that the later ones appear of a bad shade. 
This arises from the fact that the eye becomes fatigued ; the 
accidental colour of the doth begins to form, and its own tint 
loses its brightness. So, too, when designs are printed or doth is 
embroidered on a coloured ground, effects may be obtained quite 
different from those which were desired. Generally, if two adjacent 
colours afe complementary, each will acquire a greater lustre and 
produce * pleasing impression ; but if they are of the same tint, 
mutually enfeeble each other. It will thus be seen how 
•jimtfrous at# the applications which the phenomenon of accidental 
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images presents in combining colours in pictures,- wall-papers, 
tapestry, furniture, and even in dress, although in this respect good 
taste has long been in advance of the data of science. 

383. Irradiation.—This is a phenomenon in virtue of which 
white objects, or those of a very bright colour, appear, when seen 
on a dark ground, larger thin they really are. Thus, a white 
square upon a black ground seems larger than an exactly equal 
black square upon a white ground (fig. 387). With a blade body 
on a bright ground, the converse is the case. Again, a platinum 
wire made red-hot by the passage of an electric current seems far 
thicker than it is in reality. Irradiation is held to arise from the 
fact that the impression produced on the retina extends beyond 
the outline of the image. It bears the same relation to the space 
occupied by the image that the duration of the im¬ 
pression does to the time during which the image 
is seen. 

The effect of irradiation is very perceptible in 
the apparent magnitude of stars, which may thus 
appear much larger than they really are ; also in 
the appearance of the moon when two or three 
days old, the brightly illuminated crescent seeming 
to extend beyond the darker portion of the disc, 
and hold it in its grasp. 

Plateau, who investigated this subject, found 
that irradiation differs very much in different people, and even in 
the same person on different days. He also found that irradiation 
increases with the lustre of the object and the length of time during 
which it is viewed. It manifests itself at all distances ; diverging 
lenses increase it, condensing lenses diminish it. 

384. Rainbow.—The rainbow is a luminous phenomenon which 
appears in the sky opposite the sun when rain is falling. It con¬ 
tains seven concentric arcs, presenting successively the colours of 
the solar spectrum. Generally only a single bow is perceived, but 
sometimes there are two ; a lower one, the colours of which are 
very bright, and an outer or secondary one, which is much paler, 
and in which the order of the colours is reversed. In the interior 
rainbow, the red is the highest colour ; in the other rainbow the 
violet is. It is seldom that three bows are seen ; theoretically, a 
greater number may exist, but their colours are so enfeebled that 
they are not perceptible. 

The phenomenon of the rainbow is produced by the decotn- 
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positioh of die white light of the sun when it passes into the dra^js, 
sad by its reflection from their inside feed. In fact, the same phe¬ 
nomenon is witnessed in dewdrops and in jets of water, in the fine 
drops of spray of a waterfall, or those thrown up by the paddles of 
a steamer—in short, wherever the sun’s light passes into drops of 
water under a certain angle. » 

The appearance and the extent of the rainbow depend on the 
position of the observer, and on the height of the sun above the 
horizon; hence only some of the rays refracted by the raindrops, 
and reflected in their concavity to the eye of the spectator, are 
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adapted to produce the phenomenon. Those which do so are called 
effective rays. 

To get a general idea of this, let us refer to fig. 388, in which two 
raindrops, a and c, are represented extremely magnified as com¬ 
pared with the arc of which they form part. The pencil of white 
light which falls upon a is refracted on entrance mto the droplet 
and decomposed, giving rise to seven rays, red, orange, yellow, 
green, blue, indigo, and violet (371). At the point«, on the posterior 
face of this droplet, a portion of the refracted light escapes, and 
Is dispersed i« the atmosphere without giving rise to any particular 
phenomenonthe light which has not emerged from the droplet is 
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reflected at a, returns and emerges on being a second time refracted, 
and reaches the observer’s eye as represented in the figure. 

A second droplet, c, placed below the preceding one, produces 
just the same effect, yet it does not send the same colour to the 
spectator. For, as the different colours are unequally refrangible, 
the coloured rays which emerge from the same raindrop diverge, 
and therefore are not propagated together, whence it follows that 
each drop only sends one kind of colour towards the observer. But, 
from the different degree of refrangibility of each ray, the droplets 
on the outside of the arc send only red rays towards the eye, and 
those on the inside violet rays. The other colours anse from 
intermediate droplets. 

In short, the rainbow is the circumference of the base of a cone, 
the apex of which is the observer’s eye, and the surface of this cone 
is formed from the outside to the inside of seven successive enve¬ 
lopes, red, orange, yellow, etc., corresponding to each of the bands 
of the spectrum. The nearer the sun is to the horizon, the larger is 
the visible part of the rainbow , but, as the sun rises, the arc dimi¬ 
nishes, and entirely disappears when the sun is 42 degrees above 
the honzon. A line drawn from the sun to the centre of the bow 
passes through the eye of the observer. Hence the rainbow is never 
seen except in the morning and evening, or, in rare cases, near 
midnight, when a full moon is low in the south. 
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CHAPTER VI 

EFFECTS OF COLOUR IN LENSES. ACHROMATISM 

385. Chromatic aberration.—In speaking of single lenses we 
have not mentioned a serious defect which they possess, which is, 
that objects seen through them at a certain distance seem sur¬ 
rounded by an iridescent fringe, which fatigues the sight and 
#re<ttly diminishes the sharpness of the images. 

, For, as lenses may be compared to a series of prisms with infi¬ 
nitely small faces, and united at their bases, they not only refract 
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light, but also decompose it like a prism. On account of this dis¬ 
persion, therefore, lenses have really a distinct focus for each separate 
colour. In a condensing lens, db, for example, the-red rays, d R r, 
and b R r', which are the least refrangible, form their focus at a 
point R on the axis of the lens (fig. 389), while the violet rays b V v' 
arid d V v, which are most refrangible, coincide in the nearer 
point, V. The foci of the orange, yellow, green, blue, and indigo 
are between these points. Hence a double convex lens tends to 
give seven,images, differently coloured, of objects seen through it 
These imajges being partly superposed, the seven colours combine 
itt the centre to form white light, but on the contours the extreme 
colours of the spectrum are visible—that is, more especially red 
aad blue. 

Hence, if a white screen be placed at inn, nearer the lens than 





- 4 W#f' Achromatic tenses 459 

its principal focus, we shall have a bright circle surrounded by a 
red edge ; while if the screen is placed at rs, which is farther than 
the focus, the circle will have a blue edge. 

This injurious coloration of the images is called chromatic 
aberration. 

The inequality in the refraction of the blue and red rays may 
be demonstrated by closing a small aperture, 
half with red and half with blue glass (fig. 390); 
on each half a black arrow is painted, and a 
lamp is placed behind it. By means of a lens 
2 feet focal length, an image is formed on a 
screen at a distance of about 7 feet If the 
screen be placed so that a sharp image is 
obtained of the black object on the blue ground, 
the outlines of the other are confused. To get 
a sharp image of the arrow on the red ground, the screen must be 
moved farther away. 

386. Achromatic lenses.—By observing the phenomenon of 
the dispersion of colours m prisms of water, of oil of turpentine, 
and of crown glass, Newton was led to suppose that dispersion was 
proportional to refraction. He concluded that there 
could be no refraction without dispersion, and therefore 
that achromatism was impossible. Almost half a century 
elapsed before this was found to be incorrect. Hall, an 
English philosopher, in 1733, was the first to construct 
achromatic lenses, but he did not publish his discovery. 

It is to Dollond, an optician in London, that we owe 
one of the greatest improvements which have been made 
in optical instruments. In 1757 he combined two lenses, 
one a double convex croivn glass lens, the other a double 
Concave lens of flint gla w (fig. 391), a kind of glass 
which contains a good deal of lead, and which has greater dis¬ 
persive power than crown glass. 

By suitably choosing the curvatures of these two lenses, they 
may be made equally dispersive ; and as the dispersion is in 
opposite directions, one of the lenses being convergent and the 
other divergent, two effects are produced, which compensate each 
other as regards coloration, but not as concerns refraction—that 
is, a beam of white light which has traversed such a compound 
lens emerges colourless, but converging and forming a single focus 
on the axis. 
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The leases thus Itemed of flint and crown glass give images 
which are not coloured on the edges ; they have hence been called 
achromatic lenses —achromatism being the term applied to the 
phenomenon of die refraction of light without dispersion. 

387. Spherical aberration.—Chromatic aberration is not the 
only defect which lenses present: they have another, which is 
known as spherical aberration , and which arises from the fact that, 
apart from dispersion, the rays which traverse a condensing lens 
do not exactly converge to a single focus. Those which traverse 
the lens near the edges, VV' (fig. 392), are more refracted than 
those which traverse the central part; hence the former rays 
converge at F, nearer to the lens than the latter, which meet at G, 
in consequence of which the images are distorted. 
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If a screen be held between the light and an ordinary double 
convex lens which quite covers the lens, but has two concentric 
series of holes, one set near the margin and the other-near the centre, 
two images are obtained, and may be received on a sheet of paper. 
By closing one or the other series of holes by a flat paper ring, 
it can be easily ascertained which image arises from the central 
and which from the marginal rays. When the paper is at a small 
distance, the marginal rays produce the image in a point and 
tile central ones in a ring; the former are converged to a point 
and the latter not At a somewhat greater distance the marginal 
rays produce a ring and the central ones a point It is thus shown 
that the focus of the marginal rays is nearer the lens than that of 
the central rays. * 

Spherical aberration is greater the greater the aperture of a 




Spherical Aberration 


461 


lens, and the greater its curvature—that is, the smaller the radii 
of curvature of its faces, and therewith the focal length. 

Spherical aberration is prejudicial to the sharpness and defi¬ 
nition of an image, especially near the edges. If a ground-glass 
screen be placed exactly in the focus of a lens, as in a camera obscura 
(401X the image of an object will be sharply defined in the centre, 
but indistinct at the edges; and, vice versd, if the image is sharp 
at the edges, it will be indistinct in the centre. This defect is very 
objectionable, more especially in lenses used for photography. 

By suitably choosing the curvatures of the faces, especially 
when a system of lenses is used, this defect can be greatly remedied. 
It is also obviated by intercepting the rays which traverse the lens 
near the edge by diaphragms or stops, which are opaque screens 
perforated by circular holes, and which only allow the central rays 
to pass. The image thereby becomes sharper and more distinct, 
though the illumination is less. 

A combination of lenses by which spherical aberration is got 
rid of is called an aplanatic system of lenses. 

In consequence of their greater refractive power (352), lenses of 
precious stones require a smaller curvature of the surfaces for the 
same focus, and have, therefore, smaller spherical aberration ; yet, 
from the difficulty of cutting them, and the great expense, they are 
but little used. 

By using fluorspar instead of crown glass Abbe has constructed 
lenses in which chromatic as well as spherical aberration is still 
further diminished ; these are called apochromatic lenses. 
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CHAPTER VIJ 

OPTICAL INSTRUMENTS 

388. Different kinds of optical instruments.—By the term 
optical instrument is meant any combination of lenses, or of lenses, 
prisms, and mirrors. By means of optical instruments the limits of 
vision have been enormously increased, and the most favourable 
influence has been exerted on the progress of science by opening out 
new worlds to investigation which would otherwise have remained 
Unknown. Optical instruments may be divided into three classes, 
according to the ends they are intended to answer—viz. : i. Micro¬ 
scopes , which are designed to obtain a magnified image of any 
object whose real dimensions are too small to admit of its being 
seen distinctly by the naked eye. ii. Telescopes , by which very 
distant objects, whether celestial or terrestrial, may be observed, 
iii. Instruments for projecting on a screen a magnified or diminished 
image of any object, which can thereby be either depicted or be 
rendered visible to a crowd of spectators * such as the camera 
lucida, the camera obscura , photographic apparatus , the magic lan¬ 
tern. , the solar microscope , the photo-electric microscope , etc The 
two former classes yield virtual* images ; the last, with the excep¬ 
tion of the camera lucida , yields real images. 

General composition of optical instruments. —Of the various 
instruments enumerated above, those of the first two groups con¬ 
sist essentially of two lenses ; one, called the object-glass or 
objective, receives the light from the object and concentrates it 
in a fbcus^ where it gives a small image ; the other, called the 
eyepiece or ocular , acts as a magnifying-glass, is near the eye, and 
serves to vjjew the image formed by the object-glass. In what are 
called reflecting telescopes, a concave mirror is used instead of an 
object-glass. Generally speaking, the object-glass and the eye¬ 
piece are not formed each Of a single glass, but of several, in order 
OS obtain agreater magnifying power, and to correct chromatic and 
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spherical aberration (387). These glasses are, moreover, mounted 
in long metal tubes, blackened on the inside, so as to absorb the 
oblique rays, which would otherwise injure the sharpness of the 
image. These tubes can further be slid in or out, so that the 
glasses may be brought to the proper distance. 

389. Galileo's telescope. —Like some other great discoveries, 
that of the telescope seems to have been due to chance : for it is 
stated to have been made accidentally by the children of a Dutch 
spectacle-maker, at Middelburg, named Jansen. Looking at a 
vane on the top of a church spire through a convex and concave 
glass, the latter being nearer the eye, they were surprised to see 
the object magnified, and apparently almost within reach. The 
father repeated the experiment, and arranged the two glasses in 
tubes, one of which slid in the other, and thus constructed the 
telescope. 

This telescope bears Galileo’s name, for this illustrious astro¬ 
nomer was the first to direct it towards the heavens, and to make 
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astronomical observations. It is stated that he was at Venice when 
he heard that Zacharia Jansen had offered to Prince Maurice of 
Nassau an instrument which brought objects nearer. He quickly 
started for Padua, where, after meditating on the matter, he 
made some experiments, and in twenty-four hours rediscovered the 
telescope. 

The telescopes constructed by Galileo were gradually improved 
from a magnifying power of four up to one of thirty times. By 
their means Galileo discovered the mountains of the moon, 
Jupiter’s satellites, and the spots on the sun. 

Fig. 393 represents the arrangement of the lenses and the path of 
the rays in Galileo’s telescope. The object-glass, O, is a double 
convex, while the eyepiece, 0 , is a double concave lens. If AB is 
the object observed, the rays from any one of its points—A, for 
instance—tend to form an image of this point beyond the object- 
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glass; but, meeting the double concave Jen?, o, these rays appear 
divergent, and seem to die eye which receives them as if they 
proceeded from the point a ; and it is there the image of A appears. 
In like manner the image of B is formed at A, so that a virtual 
image, ab, is formed which is erect. 

Galileo’s telescope is very short and portable. It has the advan¬ 
tage of showing objects m their right position, and, further, as it 
has only two lenses, it absorbs very little light; in consequence, 
however, of the divergence of the emergent rays, it has only a 
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small field of view, and in using it the eye must be placed very 
near the eyepiece The eyepiece can be moved to or from the 
object-glass, so that the image is always formed at the distance of 
distinct vision. Opera-glasses are constructed on this principle. 
They are usually double, so as to produce an image m each eye, 
by which greater brightness is attained. 

39^ Astronomical telescope.--In observing the stars a tele¬ 
scope with two convex lenses is used. Its invention is due to 
Kepler, and it is known as the astronomical telescope. It gives 
reversed images of objects, but this is not prejudicial in observing 
the stars. $ 
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Fig. 394 shows an astronomical telescope mounted on its 
stand. Above it there is a small telescope, which is called the 
finder. Telescopes with a large magnifying power are not con¬ 
venient for finding a star, as they have but a small field of view; 
the position of the star is, accordingly, first sought by the finder, 
which has a much larger field of view—that is, takes in a far 
greater extent of the heavens ; it is then viewed by means of the 
telescope. 

Fig- 39b represents the arrangement of the lenses and the path 
of the rays in an astronomical telescope. It consists of two double 
convex lenses ; the object-glass, which is of large diameter, and 
but slightly convergent, gives at ab a reversed and very small 
image of the object towards which the telescope is directed. This 
image is looked at through the eyeglass, O, which acts here as a 
magnifying-glass, and which, for that purpose, is placed so that 
the image, ab, is formed between it and its principal focus, F. 
Thus the observer sees at dc a reversed and enlarged image of the 
object. 



As in all telescopes, the eyelube —that is, the tube in which is the 
eyepiece—slides in the other, so that the eyepiece can be moved 
nearer to or farther from the image, ab, which can thus be seen at 
the distance of distinct vision. In powerful telescopes the eyeglass 
is not simple, as in the above case, but consists of a number of 
glasses, the object of which is not only to increase the magnifying 
power, but also to correct spherical and chromatic aberration. 
There is considerable loss of light, however, when it is necessary 
thus to multiply the lenses. 

The magnifying power of a telescope is greater the greater 
the diameter of the object-glass, and the less its convexity, and the 
more convex, on the contrary, is the eyepiece. The general rule 
is to divide the focal length of the object-glass by that of the eye¬ 
glass, and the quotient is the magnifying power of the telescope. 

Increase in magnifying power by the telescope is useless beyond 
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certain limits, owing to the condition of the atmosphere. Only 
fa very few cases is the air so pure and still that a magnifying 
power of 900 can be applied. 

When the telescope is used to make an accurate observation of 
the stars—for example, their zenith distance, or their passage over 
the meridian—a cross-wire (fig. 396 ) is added. This consists of 
two very fine metal wires or spider threads stretched across a 
circular aperture in a small metal frame. The wires ought to be 
placed in the position where the inverted image is produced by 
the object-glass, and the point where the wires cross ought to be 
on the optic axis of the telescope, which thus becomes the line of 
sight or collimation. 

It is very difficult to procure large masses of flint glass, free 
front defects and perfectly annealed, for making large object- 
glasses. This is one cause of the costliness of large telescope- 
lenses. 

391. Terrestrial telescope.—The terrestrial telescope differs 
from the astronomical telescope in producing images in their right 




positions. This is effected by means ot two convex lenses, which 
are interposed between the object-glass, o, and the eyepiece, 0, 
as seen in fig. 397. The object-glass, forming, then, at I, a reversed 
image of the object, AB, the two lenses rn and n impart such a 
direction to the rays traversing them that, after having crossed 
between the two lenses, the rays reproduce an erect image at i. 
The eyepiece acts then just as in the astronomical telescope, giving 
an erect and magnified image, ab. 

The terrestrial telescope is sometimes mounted on a stand, and 
sometimes held in the hand. Its uses are too well known to need 
any description. 

In order to determine by direct experiment the magnifying 
powwfaf a telescope when this is not great, a divided scale placed 
at »j;distance, or a number of the tiles or slates of a roof, or of 
tt||ies of bricks, may be viewed through the telescope with one 
«ye*and cRrcctly with the other. It is thus observed how many 
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anmagnified divisions correspond to a single magnified one. 
Thus, if two seen through the telescope appear like seven, the 
magnifying power is 3}. 

The excellence of a telescope depends also on the sharpness of 
the images. To test this, various circular and 
angular figures are painted in black on a white 
ground, as shown in fig. 398 in about ^ the 
full size. When these are looked at through 
the telescope at a distance of 80 or 100 paces, 
they should appear sharply defined, perfectly 
black, without distortion, and without coloured 
edges, showing that the telescope is achromatic. 

Reading a book in ordinary type adjusted at 
a distance is also an excellent means of testing and comparing 
telescopes. 

392. Reflecting telescopes.—The telescopes previously de¬ 
scribed are refracting or dioptric telescopes. It is, however, only 
in recent times that it has been possible to construct achromatic 
lenses of large size; before this a concave metal mirror or 
speculum was used instead of the object-glass. Telescopes of this 
kind are called reflecting or catoptric telescopes. The principal 
forms are those devised by Gregory, Newton, Herschel, and 
Cassegrain. 
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Of these we shall describe the Newtonian telescope, which, after 
long disuse, has been restored to favour, in great measure owing to 
the improvements made in the construction of the concave mirror 
used in it. 

Fig. 399 represents the section of a Newtonian telescope. The 
principal piece of the telescope is a concave mirror, M, placed at 
the end of a long wooden tube. These mirrors were formerly 
of metal, and the difficulty of working them, so as to secure 
perfect curvature, was so great that the use of reflecting telescopes 
was virtually abandoned. 
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Foucault discovered a method of silvering glass without injur¬ 
ing its polish, and, glass being more easily worked than metal, 
reflectors for telescopes are now made of polished glass, silvered 
on the concave surface itself. The rays of light which come 
from the distant object observed are there reflected, and tend to 
form at ba a real and very small image of the object; but falling 
upon a small rectangular prism, m, which acts as a simple plane 
minor (359), they form the image at b' a’, and thus enable it to be 
examined by the lateral eyepiece, o. 

393. Herachel's telescope.—Sir W. Herschel’s telescope, which 
was long the largest instrument of modem times, was constructed 

on a method 
differing from 
those de¬ 
scribed. The 
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mirror was so 
inclined that 
the image of 
the star was 
formed on the 
side of the tele¬ 
scope near the eyepiece (fig 400); hence it is termed the front- 
view telescope. As the rays in this telescope only undergo a 
single reflection, the loss of light is less than in either of the 
preceding cases, and the image is therefore brighter. The magni¬ 
fying power is the quotient of the focal length of the mirror by 
die focal length of the eyepiece. 

Herschel’s great telescope was constructed m 1789; it was 40 
1 feet in length ; the great mirror was 50 inches in diameter. The 
quantity of light obtained by this instrument was so great as to 
enable its inventor to use magnifying powers far higher than any¬ 
thing which had hitherto been attempted. 

Herschel’s telescope has been exceeded in size by one con¬ 
structed by the late Earl of Rosse. This magnificent instrument 
has a focal length of 53 feet ; the diameter of the mirror is 6 feet; 
and it weighs 8,400 pounds. It is at present used as a Newtonian 
telescope, bat it can also be arranged as a front-view telescope. 

The largest telescope ever constructed was exhibited at the 
Paris Exposition of 1900, but it has been little used. Its object- 
giass tea^ a diameter of 50 inches. The diameter of the object- 
glass of the Yerkes telescope at the Michigan Observatory is 40 
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Inches, and that of the large telescope in the Lick Observatory 
(California) 36 inches. 

394. Simple microscope.— Microscopes are instruments which, 
giving very magnified images, enable us to observe objects which 
are too small to be seen with the naked eye. Two kinds are dis¬ 
tinguished, the simple and the compound microscope. 

The first of these is essentially a convex lens, which is used as 
a magnifying-glass, as seen in fig. 401. The object observed 
is placed between 
the lens and its prin¬ 
cipal focus, and the 
magnifying power is 
greater the more con¬ 
densing is the lens. 

When it is rather 
large it is mounted in 
horn or in ivory, and 
is then known as a 
reading-lens or read¬ 
ing-glass. It is fre¬ 
quently used to assist 
the sight of the aged 
or to facilitate certain *■'«• 4 °'- 

kinds of work which, as in watchmaking and engraving, require 
great accuracy. No great magnification is attainable with a single 
microscope, and in order to observe very small objects the com¬ 
pound microscope is used, which is so called because it is made up 
of several lenses. 

If a drop of Canada balsam be allowed to fall on a glass plate 
it will assume the form of a plano-convex lens, and by holding the 
plate horizontally with the drop downwards it gradually becomes 
more convex. It soon hardens, and if protected from dust is 
tolerably durable. Such an arrangement forms a magnifying 
lens. 

395. Compound microscope.—Fig. 402 represents a compound 
microscope arranged for use, and fig. 403 illustrates the path of the 
rays in the interior of the apparatus. The object, which is always 
very small, is placed between two glass plates, which can be kept in 
position by two spring clamps on a support called the stage, A. The 
brass tube B contains two condensing glasses, the object-glass, o, at 
the bottom, and the eyepiece, O, at the top. The object, a (fig. 403), 
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being placed very little beyond the principal focus of (he lens o, 
a real inverted and greatly magnified image will be formed at cb 
(>565). But as the eyepiece, O, is at such a distance that the 
image, be, is between this glass and its principal focus, F, it follows 
that the eyepiece acts as an ordinary magnifying lens for an eye 
looking through it (367), and gives at CB a virtual and amplified 



Fig. <03. t ig 403 


image of the first image, cb It may be said that the compound 
microscope is nothing more than the simple microscope applied, not 
to the object, but to its image already magnified by the first lens. 

The magnification depends more especially on the object-glass. 
In ortUr tQ increase Its power it is usual to construct the object- 
glass of twjp or three small lenses superposed, as seen in H, on the 
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light of the drawing (fig. 403). To the eyepiece a second glass » 
added, the object of which is less to obtain increased magnification 
than to render the images more defined by diminishing, as m 
telescopes, chromatic and spherical aberration. All the glasses 
are, moreover, achromatic. The magnifying power m compound 
microscopes has been carried to 1,800 times, and even more, but 
then what is gained in magnification is lost in definiteness. A 
good magnification does not exceed 600 in length and breadth; 
this is called a magnification of 600 diameters, which amounts to a 
superficial enlargement of 360,000 times. 

From the great magnification of the image the object must be 
powerfully illuminated For this purpose, when it is sufficiently 
transparent, it is illuminated from below by a concave mirror, M, 
which concentiates upon it a large quantity of light, as shown in 
fig 403 If the object is opaque, it is illuminated from above by a 
condensing lens, the focus of which is formed upon the object 
itself. 

396 Origin and use of the microscope —The invention of the 
microscope does not extend further back than to the last quarter 
of the seventeenth century—which is surprising, for it had long 
been known that a drop of water placed in a small hole m a thin 
opaque plate magnified objects seen through it From the com¬ 
mencement of the first century \ u the philosopher Seneca 
announced that writing appeared larger under a glass globe con¬ 
taining water In the thirteenth century spectacles were first used 
— that is, magnifymg-glasses—to assist the sight of the aged They 
are said to have been discovered by Salvmo degli Armati, a 
Florentine nobleman. The inventor of the microscope is not 
known ; it has, probably, only acquired its present form after 
numerous successive improvements 

The microscope has been the origin of discoveries in the 
vegetable and animal kingdoms as curious and important as they 
are varied. Botanists owe to it their most beautiful discoveries 
concerning the structure of the cellular tissue m plants, the circu¬ 
lation of the sap, the function of leaves in the respiration of vege¬ 
tables In entomology it has enabled us to discover a crowd of 
small animals which would otherwise have remained unknown 
from their extreme minuteness. Thus there have been observed 
in vinegar and in sour paste thousands of small organisms called 
bacteria ; in stagnant water myriads of animalcules, as remarkable 
for their curious forms as for their beautiful colours, their instincts, 



their warlike or sociable habits. Mildew presents the appearance 
of small mushrooms with the most brilliant colours. In short, any 
Object seen through the microscope becomes an object of astonish¬ 
ment and admiration; thus, for instance, a hair, a piece of silk 
thread, the eye or wing of a fly, a bee’s sting, a spider’s claw, a 
cat’s or a mouse’s hair, the down of fruit, the scales of a butterfly’s 
wing or of fish, starch grains, spider’s web, etc.—everywhere we 
recognise the infinite variety of Nature’s works. 

The simple microscope may be also advantageously used to 
detect fraudulent mixtures in cloths of various kinds, by giving a 
means of ascertaining whether they contain wool or silk, linen 
or cotton. By the watchmaker it is used to inspect the minute 
mechanisms with which he has to deal. 

The excellence of a microscope depends not so much on the 
mere magnifying power as on the sharpness, or what is called 
the definition, of the images. It is tested by means of what are 
called test objects, such as particular specimens of a butterfly’s 
wings or scales of certain diatoms ; or by means of fine lines 
drawn on glass. Such lines have been drawn of which there are 
no less than 10,000 in an inch. 
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CHAPTER VIII 

OP1ICAL RECREATIONS 

397. Magic lantern.—In the instruments that still remain to 
be described the aim is to project on a screen reduced or enlarged 
images of an object, so as to exhibit them to a number of specta¬ 
tors, or to utilise them for drawing. 

The oldest and most simple of these apparatus is the magic 
lantern, which was invented by Father Kircher, a German Jesuit, 
about two hundred years ago, and is used to project a magnified 
image of small objects painted on glass on a white screen in a 



dark room. It consists of a box of sheet metal, in which there 
is a lamp placed in the focus of a concave mirror, M (fig. 4 ° 4 X 
The reflected rays fall upon a condensing lens, L, which concen¬ 
trates them on a glass plate or slide, ab, on which is photographed 
or painted the figure to be reproduced. There is a system of two 
lenses, m, acting as a single one of great magnifying power, at a 
distance from ab of rather more than its focal length. At this 
distance the system of two lenses acts as the object-glass of a 
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pmBOscope (fig. 403)—that is, a real and very much magni fied 
image of the figure on the slide is produced on the seree a . The 
image is made erect by placing the slide in the lantern in such a 
manner that the design is reversed. The image, AB, is formed at 
so much the greater distance, and is so much the more amplified, 
the nearer the slide, ai, is to the principal focus of the sy stem Q f 
leioses, m, and the greater the magnification of this system, 

39 8 . Phantasmagoria.—This is only a modification 0 f t j„ e 
magic lantern, and dates from the end of the eighteenth Century; 
t its name is derived from two Greek words which signify assem¬ 
blage of phantoms, for it was originally used to produce fright by 
making spectres appear in darkness. 




Fig. 405. 


The internal arrangement of the phantasmagoria is j us t the 
same as in the magic lantern, the difference being that ; n the 
magic lantern the image projected on the screen is always Q f the 
same size, while in the case of the phantasmagoria the s; ze ma y 
be varied at pleasure. To understand how this is effecteq^ j e t us 
refer to fig! 404, which represents the arrangement of the glasses 
in die magic lantern. The lenses, m, which are used to prpj eC t the 
images on the screen, being always at the same distance fr om the 
mpied slide, ah, the image, AB, is always at the same di stance , 
Muj is always, therefore, of the same size. Now, if the lei 19es< m , 
iiPbrougld nearer the slide, ah, it follows from the properties 0 f 
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tenses (367) that the image will be formed at a greater distance, 
and will be larger. Hence the effect sought requires two move¬ 
ments—one which brings the system of lenses, m, nearer the 
painted slide, to amplify the image j the other, which makes the 
Whole apparatus recede, so that the image, while being moved 
away, is always formed upon the same screen as at first. 

To obtain this double effect the whole apparatus is mounted 
upon four small wooden wheels covered with cloth, so that they 
roll noiselessly on the floor. Fig. 405 represents a phantasmagoria 
thus arranged, with the difference that m the figure it is double— 
that is, consists of two apparatus united. We shall presently see 
the reason for this double use (399), but for the moment we shall 
only consider one of the parts. The front of the box is provided 
with a conical brass tube ; in this tube is the projection lens, 
which is not fixed, but may be advanced or moved back by means 
of a milled head and screw, which the experimenter turns with the 
hand. 

A large white sheet is stretched in front of the apparatus, and 
the spectators are on the other side of the sheet, the whole being 
in complete darkness The experimenter is careful first of all to keep 
the projection lens away from the slide, on which are painted the 
objects he desires to show. Thus there is at first formed on the 
sheet a very small image of the object. Then, with' one hand, the 
experimenter brings the lens near the slide, while with the other 
he draws the apparatus towards himself, and away from the doth. 
The image projected on the latter gradually increases, and ulti¬ 
mately becomes very large The spectators, who see the image 
very distinctly through the cloth, fall into the illusion that its 
increase in size is due to its coming nearer them. 

399. Dissolving views.—These are produced by a double 
lantern, as represented in fig. 405, with two systems of lenses 
which converge towards the same point of the doth which receives 
the image. Two pictures on glass are used, representing the same 
view under different conditions—for example, Mount Vesuvius seen 
at daytime, calm, and with a slight cloud of smoke rising from it; 
the other when seen at night, vomiting forth flames and torrents of 
fiery lava. Having arranged these glasses, each in one of the 
lanterns, and thg lenses being so adjusted as to project the magni¬ 
fied images on exactly the same part of the doth, the diaphragm of 
the one containing the picture representing the effect of day is 
opened, the other remaining closed. Then, when the image has 
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&r some time been exposed to the view of the spectators, a 
mechanism is worked which gradually doses the one which has 
been exposed,and opens the other, it follows that, in successively 
passing through all the shades of light, the image which produces 
the effect of day disappears, while it is gradually replaced by the 
effect of night represented on the other. In like manner, too, the 
effect of the moon rising may be made to succeed to sunset; to 
a calm and transparent sea, a tempest; to a smiling landscape, a 
snow effect; and so forth. 

40a Photo-electric microscope.—This apparatus is based on 
the same principles as the magic lantern and the phantasmagoria. 



Fig. 406 . 


But as in these apparatus the subjects painted on glass me of 
some sv^no great enlargement is required, and therefore the illu- 
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Initiation need not be very bright; whereas objects the images of 
which are reproduced by the photo-electric microscope, being 
very small, should be considerably magnified, and the light must 
therefore be very powerful, or else the image will be confused and 
indistinct Hence the apparatus is illuminated by the powerful 
light which electricity yields. 

Fig. 406 represents the use of the photo-electric microscope. 
The brilliant light of the electric arc, ca, produced by either a 
powerful voltaic battery or a dynamo-electric machine, is reflected 
from the mirror, m, and passes through condensing lenses at D and 
B, the function of which is to condense the light upon the small 
object to be magnified, which is placed between two glass clips, 
between B and A. , The projecting lenses are in the little tube A, 
and the object must be just beyond their principal focus. Under 
these circumstances a brilliant and greatly magnified image is 
formed on a white screen at a distance. P contains an electro¬ 
magnetic arrangement, to be described in its proper place, for keep¬ 
ing the carbon points at a constant distance apart, which is essential 
for the steadiness of the light. 

401. Camera obscura.—A Neapolitan physicist, Giambattista 
della Porta, first observed, in 1 569, that if a very small hole be made 



in the shutter of a dark room —one that is quite deprived of light- 
all objects from which rays can reach the hole depict themselves 
on the opposite screen, and of so much the smaller dimensions the 
nearer this screen is to the aperture. 

Porta also found that by fixing a double convex lens in the 
aperture, and placing a white screen in the focus, the image was 
much brighter and more definite. In both cases the images are 
inverted Fig. 407 shows how images formed in the camera obscura 
are jreversed upon the screen. It is due to the rays crossing on 





efttwridg the aperture. ' IjSjHqws, » fact, that rays from the higher 
m the object,, proceeding in straight lines, meet the lower 
part of the screen, addle the reverse is the case with rays from the 
lower part. The coloration of the image is readily understood by 
Observing that the reflected rays are of the same colour as the 
reflecting body—that is, that a red body reflects red rays, a yellow 
body yellow rays, and so on. Each portion of the image is formed 
by the coincidence of rays of the same colour as the corresponding 
part of the object it represents. 



Fig. 408. 


The images formed in the camera obscura have the peculiarity 
of being independent of the shape of the aperture through which 
the rays eiiter, provided this is i>ery small— that is, that, whether 
this Uperature isround, square, or triangular, the image formed on the 
screen is always a latthfiil reproduction of external objects, and not 
of die hole made in the shutter. To account for this phenomenon, 
let ns consitfer the case of a pencil of sunlight of any shape whatever 
passing intcj a dark room (fig. 408). Compared with the magnitude 
qftheSa%liiis bok is really nothing-more than a point; whence it 
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follows that the whole of the rays which traverse it represent an 
immense luminous cone, of which the hole is the summit and the 
sun the base. By their being prolonged into die chamber these 
rays give rise to a second cone resembling the first, but far smaller; 
and if this second cone falls upon a screen which is perpendicular 
to the straight line joining its summit to the centre of the sun, it 
produces on this screen a circular image like the sun. If the screen 
is obliquely inclined towards this line, as represented in fig. 408, 
the image is elliptic, but it never has the shape of the aperture 
unless the screen is very close. 

In the same manner we must explain the luminous patches 
formed on the ground under an avenue of trees illuminated by the 
sun. Whatever be the shape of the spaces in the foliage through 
which the light passes, a circular or oval image of the sun is pro¬ 
jected upon the ground. 

402. Photography .—Photography is the art of fixing the images 
of the camera obscura on substances sensitive to light. 

Wedgwood was the first to suggest the use of chloride of silver 
in receiving the image ; and Davy, by means of the solar microscope, 
obtained images of small objects on paper impregnated with chloride 
of silver ; but no method was known of preserving the images thus 
obtained, by pieventing the further action of light. Niepce, in 
1814, obtained permanent images in the camera by coating glass 
plates with a layer of varnish composed of bitumen dissolved in oil 
of lavender. This process was tedious and inefficient, and it was 
not until 1839 that the problem was solved. In that year Daguerre 
described a method of fixing the images of the camera, which, 
with the subsequent improvements of Talbot, Archer, and others, 
has rendered the art of photography one of the most marvellous 
discoveries ever made, whether as to the beauty and perfection of 
the results, or as to the celerity with which they are produced. 

Fig. 409 gives a vertical section of one kind of camera obscura 
used by photographers. It consists of a rectangular wooden box in 
two pieces, one of which, C, is fixed, and the other, B, can be pushed 
in or out like a drawer. In the front of the box C is a brass tube, A, 
in which is a condensing lens, L, which is fixed. In A is a second 
tube, which can be moved backwards or forwards by a rack and 
pinion moved by the milled head D. In this second tube is a 
second lens, L', which, by the motion of the tube, is brought nearer 
to or further from the lens L. The advantage of this combinatiop 
of lenses is, that it works more rapidly than an object-glass with a 



w? °* 1H$ 

smglelens, has * shorter focal distance, and can be more readily 
focused. 

On the face of the box opposite the object-glass is a screen of 
ground glass, E, which can be moved backwards or forwards at 
will, and fixed in any position by means of the screw n, and on 
which a reversed image of the object is formed. Thus, if a portrait 
is to be taken, the person is placed at a distance of three or four 
yards from the camera, which is then adjusted until the image is 
formed in the proper position on the glass. It is next placed in 
exact focus by slowly approaching or removing the lens L’. The 
glass is contained in a frame which can be easily removed and 
replaced by the slide containing the material on which the photo¬ 
graph is to be taken. 



Fig. 409 


The photographs on metal, or daguerreotypes , so called from 
Daguerre, the inventor, are now seldom used. The photographic 
methods in glass and papier are infinitely varied, not as regards 
the essential features of the optical part, but as concerns the sub¬ 
stances employed, and therefore as regards the chemical reactions 
involved. 

We will content ourselves with describing the ordinary method 
of taking a portrait on papier. For this puipose what is called a 
negative must first be taken—an inverse image of the object, that 
is to Say, in which the light parts are dark, and vice versd. With 
this view a glass plate is coated with a thin layer of collodion (gun¬ 
cotton dissolved in ether) containing a certain quantity of potas¬ 
sium iodide. The plate thus coated is then placed in a solution 
of silver nitrate. By the chemical reaction between the pwtassium 
iodide andffoe silver nitrate a coating of silver iodide is formed on 
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the plate, which is sensitive to light, and hence this .operation must 
be performed in a dark room. The plate is then placed in the 
slide, and inserted in the camera instead of the focusing-glass. 
The slide is so constructed that the plate can be instantaneously 
exposed to or cut off from the action of light. After exposure for 
a suitable time the slide is removed to a dark room. No change 
is visible in the plate, but on pouring over it a solution called the 
developer an image gradually appears. The principal substances 
used for developing are iron sulphate and pyrogallic acid. The 
action of light on silver iodide produces some change, in virtue of 
which the developers have the property of reducing to the metallic 
state those parts of the silver iodide which have been most acted 
upon by the light. When the picture is sufficiently brought out, 
water is poured over the plate, in order to prevent the further 
action of the developer. The parts on which light has not acted 
are still covered with silver iodide, which would also be affected if 
the plate were now exposed to the light. It is accordingly washed 
with solution of sodium hyposulphite, which dissolves the iodide of 
silver and leaves the image unaltered. The picture is then washed, 
dried, and coated with a thin layer of spirit-varnish to protect it 
from mechanical injury. 

When once the negative is obtained, it may be used for printing 
an indefinite number of positive pictures. For this purpose, paper 
is impregnated with silver chloride, by floating it first on a solution 
of sodium chloride, and then, when dry, on one of nitrate of silver ; 
silver chloride is thus formed on a paper by double decomposition. 
The negative is placed on a sheet of this paper in a copying-frame, 
and exposed to the action of light for a certain time. The silver 
chloride becomes acted upon—the light parts of the negative 
being most affected, and the dark parts least so. A copy is thus 
obtained in which the lights of the negative are replaced by shades, 
and conversely. The picture is next immersed in a bath of gold 
chloride, by which those parts on which the light has acted 
become coated with gold ; and, according to the extent to which 
the process is carried, different shades of colour are produced. 
The picture still contains some unaltered silver chloride, which 
would be changed if it were now exposed to the action of light ; 
and to px it the picture is immersed in a solution of sodium 
hyposulphite, which dissolves the unaltered silver chloride. Finally 
the picture is well washed with pure water, which dissolves out the 
sodium hyposulphite and all other soluble salts. 
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Oi late years permanent and very beautiful prints have been 
obtained from negatives by making use of the chemical change 
produced by light on a mixture of potassium bichromate and gelatine. 
On this reaction are based the various carbon processes, and those 
for mechanical printing. Very beautiful prints, with an effect 
resembling that of steel engravings, are produced by what is known 
as the platinum process. This consists in exposing paper charged 
with ferric oxalate to the light, and then developing the prints thus 
produced by a platinum salt; the ferric salt by exposure to light 
is reduced to ferrous oxalate, which in turn reduces the platinum 
salt to black metallic platinum. 

403. Positives on glass.—Very beautiful positives are obtained 
by preparing the plates as in the preceding cases ; the exposure 
in the camera, however, is not nearly so long as for the negatives. 
The picture is then developed by pouring over it a solution of 
iron protosulphate, which produces a negative image ; and by 
afterwards pouring a solution of potassium cyanide over the plate 
this negative is rapidly converted into a positive. It is then 
washed and dried, and a coating of varnish poured over the 
picture. 

404. Photographic dry plates.—The possibilities of photography 
have been greatly increased by the rapid development of what 
are known as dry plates. These are made from an emulsion 
consisting essentially of gelatine, with which are incorporated 
bromide and other sensitive salts of silver. Glass plates are coated 
with emulsion, and are then dried. By varying the composition 
of the mixture, and by care in manipulation, plates may be obtained 
which not only produce pictures of great beauty, but require only 
a very small fraction of a second for their exposure. Such plates 
may, indeed, be said to be almost instantaneous ; it is possible by 
the most sensitive of them to photograph an express train moving 
at a rate of 100 feet a second, and even lightning flashes, the 
duration of which does not probably exceed the r troWr of a second. 
Plates of this kind will keep for months, and even years, and, 
provided light is carefully excluded, may be kept after exposure for 
a long time before development These advantages, together with 
the improvements in the portability of cameras, are of especial 
Importance and value to travellers. 

405. Gho«t-*cenes.—We will give here a description of a 
curious optical effect, which was first introduced some years ago 
to the theatres under the name of ghost-scenes •„ 
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In order the more readily to understand the appearance of these 
spectres, let us recall an effect which every one has observed. 
When on a railway journey, towards evening, we look at the 
windows of carriage doors, we see a pale and indistinct image of 
the travellers inside. This is an effect of reflection from the panes, 
which reflect the light that illuminates persons and objects placed 
in the compartment; and the faint light of the images arises from 
the fact that the panes, allowing great part of the light to be 
transmitted, send very little towards the observer. A similar 
effect is produced when, in the evening, in a well-lighted street, a 
window-front which is little or not at all lighted is looked at. The 
observer sees on the other side of the panes his own image and 
those of other people in the street. These effects are not seen 
in full daylight, for the images which are produced are effaced by 
the brightness of the light which comes through the glass. 

These phenomena have been utilised in public to simulate the 
appearance of ghosts. Fig. 410 represents the arrangements of the 
apparatus intended for this purpose. On the floor below the stage, 
and not seen by the spectators, is an actor, covered by a sheet, 
and intended to represent the ghost. Between the actor and the 
public is a magic lantern, illuminated by limelight or by the electric 
light, so as to give an extremely bright illumination. An assistant 
directs the light upon the actor, and the white cloth, thus power¬ 
fully illuminated, sends its rays towards an inclined plate of glass, 
placed near the assistant. This glass, which is silvered, sends 
almost all the reflected light towards a second plate, which is not 
silvered, on the same scene. This latter plate acts like those in 
carriages and in shop-windows, which we have mentioned above, and, 
being traversed by the greater part of the incident rays, sends but 
little light towards the spectators. Yet, as care is taken during 
this time that the illumination in the room is very faint, the light 
is sufficient to give a shadowy image of the actor placed under the 
stage. 

If another actor enters the scene, the public see very distinctly 
through the glass, which is carefully concealed by hangings and 
decorations ; and if this actor is behind the plate at the same dis¬ 
tance as the image, he can join his action with that of the ghost, 
and thus produce a complete illusion. 

The same effects are produced with a single plate, but, as its 
obliquity tends to give inclined images, in order to rectify them fee 
actor under the stage must hold himself so much inclined as to 
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render his play very difficult. With the two plates represented in 
fig. 410 the actor retains his natural position. 
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406, Structure of the eye aad mechanism of vision,—The 
shape of the eye is approximately a sphere. It is enveloped by a 
white coat—the sclerotic coat , commonly called the white of the eye 
—which is opaque, except in front, where it is transparent and 
slightly more convex than the rest of the eyeball. This transparent 
portion is called the cornea, a - At a small distance behind the 
cornea is a membranous diaphragm, d,\ called the ins ; it constitutes 
the variously coloured disc which ts seen through the cornea, and 
to which, vs due. the ote of. the. eye. In. the centre of the ins. 
is an aperture called 
the -pupil ; in man 
this is circular, and 
in the cat narrow 
and elongated, and 
through it rays pass 
into the eye Behind 
the iris, but \ ery near 
it, is the crystalline 
lens, j, which is a 
transparent mass, lia\ - 
ing the shape and 
fulfilling the functions 
of a double convex 
lens. The whole of the 

hinder part, from the crystalline lens to the back, of the eye, is filled 
with a gelatinous transparent mass, like w hite of egg, which is called 
the vitreous humour. In front of the eye, between the crystalline 
lens and the cornea, is a perfectly transparent liquid, called the 
aqueous humour r lhe whole of the back inside part of the eye 
is lined with a soft whitish transparent membrane, /, called the 
retina ; in it are the extensions of the bundle of nerve fibres, «, 
which proceed to the brain, and transmit the sensation of vision, 
whence the bundle receives the name optic nerve Behind the 
retina is a second membrane, called the choroul, which is impreg¬ 
nated by a black matter that absorbs all rays which should not 
co-operate in producing vision Lastly, a membrane, *, the sclerotic, 
surrounds the whole eyeball behind, and joins the transparent 
cornea in from. It forms in front a sei les of projecting folds, which 
are called ciliary processes. 

These details being known, we may readily account for the 
mechanism of vision ; for the eye is, in fact, a small camera obscura 
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(40«X of whicH the pupil is the aperture, the crystalline is the 
condensing lens, and the retina is the screen on which the image 
is formed. The optic nerve, carrying thence to the brain the 
impression produced by the vibrations of the luminiferous ether on 
the nervous system of the retina, enables us to perceive external 
objects. In accordance with this explanation we should see objects 
reversed, and not m their natural position. The inversion of images 
in the eye has greatly occupied both physicists and physiologists, 
and many theories have been proposed to explain how it is that we 
do not see inverted images of objects. Some have supposed that it 
is by custom, and by a regular education of the eye from early 
infancy, that we see objects m their true position—that is to say, in 
their position relative to us . the visual impression becomes cor¬ 
rected by the impression of other senses, such as that of touch. 
jVfuller, Volkmann, and others have contended that, as we see 
everything inverted, and not simply one object among others, 
nothing can appear inverted, because terms of comparison are 
wanting. The chief difficulty seems to have arisen from the con¬ 
ception of the mind or brain as something behind the eye, looking 
into it, and seeing the image upon the retina whereas, really, this 
image simply causes a stimulation of the optic nerve, which pro¬ 
duces some molecular change m some part of the brain, and it is 
only of this change, and not of the image as such, that we have 
any consciousness. 

If the eye is exposed to too powerful a light, the pupil contracts 
and only a smaller quantity of rays are admitted and strike the 
retina ; m a dimmer light the exact reverse is the case This in¬ 
crease or decrease is limited, however, and in too strong or too 
dim a light objects cannot be distinctly seen. If the eye has for 
some time been exposed to a blight light, it becomes insensible 
to feebler ones. On coming suddenly into a dark room we can¬ 
not distinguish objects which after a while can be distinctly 
seen. After the retina has, as it were, recovered from the too 
strong stimulus, its sensitiveness to feebler impressions gradually 
increases. 

407. Distance of distinct vision. Accommodation. Short and 

tong sight—We know that m double convex lenses the distance 
of images from the lens increases 01 diminishes as the object is 
Approached or receded from {361 363) Hence, according to the 
distance of thp objects looked at, it would seem that the image 
formed by^ .rystaiiine should be sometimes formed exactly on 
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the retina, and sometimes a little in front of or behind this 
membrane. Only objects placed at a certain distance should 
then be seen distinctly ; all those nearer or further should appear 
confused. 

Experience shows us, however, that the eye can see distinct 
images of objects at very different distances. We can, for example, 
see a distant tree through a window, and also a scratch on the 
pane, though not both distinctly at the same moment; for when 
the eye is arranged to see one clearly, the image of the other does 
not fall accurately upon the retina. An eye completely at rest 
seems adapted for seeing distant objects; the sense of effort is 
greater when a near object is looked at after a distant one than in 
the reverse case. 

The power which the eye possesses of voluntarily adapting 
itself, so that it can form distinct images on the retina of objects at 
very different distances, is called its power of accommodation. 

When the eye is adjusted for a near object, the entire crystalline 
lens is pushed forward by means of pressure exerted by the 
muscles of the eye, and the front surface is made more convex ; 
when the eye has been adjusted for a distance, and then the pres¬ 
sure is relaxed, the lens becomes flatter; the rays are then less 
strongly refracted, and the image recedes a little. 

Yet, though the eye can well distinguish objects at very different 
distances, there is, in the case of each person, a distance at which 
objects are more distinctly seen than at any other. This distance 
is called the least distance of distinct vision ; it varies with different 
persons, and often in different eyes in the same individual ; for 
small objects like print it is usually 10 or 12 inches. 

In order to obtain an approximate measurement of the least 
distance of distinct vision, two small parallel slits are made in a 
card at a distance of o'03 of an inch. These apertures are held 
close before the eye, and when a fine slit in another card is held 
very near them, the slit is seen double, because the rays of light 
which have traversed both apertures do not intersect each other 
on the retina, but behind it. But if the latter card is gradually 
removed, the distance is ultimately reached at which both images 
coincide and form one distinct image. This is the distance of 
distinct vision. Stampfer constructed an optometer on the principle 
of this experiment, which is known as Sikeinet’s experiment. The 
least distance of distinct vision may also be determined by looking 
along a tightly stretched thread and observing at what distance it 
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ceases to appear as a line, and widens into a band owing to its not 
being seen sharply. 

Those who can only see well at shorter distances have a defect 
ill the shape of the eye; they are said to be myopic , or short-sighted, 
from two Greek words which signify to close the eyes ; for myopic 
persons, in order to see more distinctly, do in fact involuntarily 
half close the eyes. If the least distance of distinct vision is 
greater than io or 12 inches, that is also due to a malformation of 
the eye, and those affected by it are called presbyopic , or long¬ 
sighted, from a Greek word which signifies aged, for this defect is 
usually met with in aged persons. 

Myopy, or short sight, results from too great a convexity of the 
crystalline lens. The eye being too convergent, the rays of light 
from an object—M, for instance—are refracted tn such a manner 
that, instead of forming their focus exactly on the retina, they form 
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it a little m front, at m (fig. 412), and therefore the image is con¬ 
fused. But if objects are brought nearer to the eye, as at M„ the 
image recedes, and is formed exactly on the retina, m„ when the 
objects are sufficiently near, which explains why short-sighted 
persons only see objects when they are very close. Myopy is 
mainly met with in young people ; as they grow older the con¬ 
vexity of the crystalline lens diminishes, so that their sight 
generally becomes better when that of other people becomes 
worse. 

Presbyopy ; or long sight, is due to the flattening of the crystal¬ 
line ; as die eye is then no longer sufficiently convergent, the rays 
from M (fig. 413), instead of forming their focus on the retina, tend 
to form it beyond at m, whence it arises that the eye only observes 
a confused image. But, as the object recedes as at M „ the image 
comes nearer the. ^yystalline, and is ultimately formed exactly on 
the retina, wfe'"'>o}'ects are sufficiently distant; this is the reason 
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why tong-sighted persons see objects most distinctly when they are 
distant. 

Short sight is remedied by the use of concave or diverging 
lenses before the eyes (L, fig. 412); as the pencil is spread out 
before entering the eye, the rays appear to reach the eye from a 
point, M„ nearer than M. That is, the interposition of the concave 
lens has the effect of bringing the object nearer to the eye. For 
far sight, on the contrary, condensing or convex lenses should be 
used (L, fig. 413), so as to correct the want of convexity of the 
crystalline. As the rays then become more convergent before 
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entering the e>e, the image, which would otherwise be formed 
beyond the retina at w, approaches it, and is ultimately formed 
exactly upon it at >n v 

For a long time double concave lenses were exclusively used for 
short sight, and double com ex for far sight. The concavo-convex 
lenses represented in O (fig. 360) are recommended for long sight, 
and those in R (fig. 361) for short sight. These are called peri- 
stopic glasses, from two Greek words meaning to see round ; for as 
their shape better enables them to embrace the eyeball, they 
facilitate vision in all directions ; and as they do not deform 
objects, they do not fatigue the eye like other glasses. 

408. Binocular vision.—Although we have two eyes, and when 
we fix them on the same object each forms its own image upon the 
retina, yet we see only one object, just as w tth two ears we hear 
only one sound. Various hypotheses have been made to account 
for single vision with two eyes. Some have considered it as an 
effect of habit; others, assigning to it a physiological cause, have 
assumed that two points similarly placed on the two retinas corre¬ 
spond to the same nervous filament which, coming from the brain, 
bifurcates towards each eye. Hence the two impressions simul¬ 
taneously produced on the two retinas result in a single sensation 
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Nat only does simultaneous vision with two eyes enable us to 
see bodies with greater lustre, but the imperfections of one eye are 
corrected by those of the other; it also gives us the impression of 
relief; as the stereoscope well shows, and it is a most important aid 
in estimating the distance and magnitude of objects. 

409. Stereoscope. —The stereoscope , so called from two Greek 
words which mean perception of solidity , is an ingenious instru¬ 
ment, which was invented by Sir 
C. Wheatstone, and modified to its 
present form by Sir D, Brewster. 

To understand the effect of the 
stereoscope, let us observe that 
when we look at an object with 
two eyes, each eye does not see it 
under exactly the same aspect, but under a slightly different per¬ 
spective. Thus, let a small object, such as a die, be successively 
viewed with one eye, at a slight distance, without moving the head. 
If the cube be just in front of the observer, looking at it with his 
left eye, he will see the face and a small portion of the left side, 
the other being concealed (fig. 414) ; if, on the contrary’, he views 
it with his right eye, he sees the front and a portion of the right 
side, the other being hidden (fig. 415). Thus the two images 
formed on the retina are not quite ident’cal, for each corresponds 
to a different point of view. It is this difference in the images 
which gives us the sensation of relief in bodies, and enables us to 
appreciate their shape and their distance. 

This may be confirmed by making two drawings of the same 
object, taken respectively with the perspective belonging to the 
right and to the left eye ; then, as each eye looks separately at the 
drawing through prisms or lenses, which make the two drawings 
coincide, by giving the rays of light the same direction as if they 
converged from a single object, the impressions produced upon 
each retina will be the same as if the object itself were viewed. 
The illusion is in fact so complete that, however prejudiced we 
may be, it is impossible not to be deceived, so true are the effects 
of relief and perspective. 

Thi*;Jp the principle of the stereoscope. Fig. 416 shows the 
path of the rays of light in the instrument. At A is the drawing of 
'WfJh 'Jut vjt \ •&. \!> ^ sws*. 

-'•***» , * r tek the The rays from these images On two 

md /t t un<l take, having traversed thetw, the 
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•ame direction as if they came from the point C ; the object 
represented at A and B appears in relief at this spot. 

The lenses tn and 71 roust impart ex** 
actly the same deviation to the rays, and A. 
they should therefore be exactly identical W W 

Brewster attained this result by cutting EL 

in halves a double convex lens, and Ip*” 
placing the right half in front of the left / 

eye and the left half m front of the right / 

eye, as shown m fig. 416. ■ / 

To produce the sensation of relief, the \ ; 

two dissimilar pictures at A and 11 should \ / 

give from two different points of view \ / 

so faithful a representation of the same 1 / 

object that these separate views cannot 
be taken by hand draw mg ; it is only 

practicable by means of photography_ , 

Fig. 417 represents two photographs of A ~ ‘ , “b*” 

‘ t i |r C. Wheatstone taken at a slightly — ■■ »■ ■■■■ - 

different angle. That on the left reprc- C 

seuts move of the fuU face, and must he 416 

looked at with the left eye ; the other one is more in profile, and 
must be viewed with the right eye. These two 1 ,ews being placed 
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«i tlie stereoscope disappear as such, and their images, seen by 
eye, coalesce, and form a single image, as renresenawJ >* 
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fig. 418, and the original appears so solid, with such perfect relief, 
that the imagination can with difficulty realise the fact that we are 
only concerned with drawings on a plane surface. 

Two photographs of the moon taken from different positions on 
the earth, and placed in the stereoscope, are extremely interesting ; 
the plains, mountains, and valleys on the moon’s surface stand out 
with great vividness. 

If the position of the pictures be reversed—that is, if the right- 
hand picture is viewed with the left eye,and vice versA —the eleva¬ 
tions of the pictures appear as depressions, and the depressions 
as elevations ; thus the image produced is that of an intaglio. 
Such pictures are called Aseudosiopcs (i/ctvSijr, false) 
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When the two eyes view simultaneously two different colouis, 
the impression produced is that of a single mixed tint. The power, 
however, of combining the two tints into a single one \anes in dif¬ 
ferent individuals, and in some is extremely weak. If two white 
discs be placed in the stereoscope and be illuminated by two 
pencils of complementary colours, a single white disc is seen, 
showing that the sensation of white light may arise from two 
complementary and simultaneous chromatic impressions on each 
of the two retinas. 

If two pictures are absolutely identical, they form a perfectly flat 
pictutsein the stereoscope. If, however, there are minute differ- 
cnees? the e*w ^aice movements in order to combine the two 
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images, and there is formed a stereoscopic picture. This process 
has been used to distinguish between forged and genuine bank¬ 
notes, between two different editions of the same printed work, and 
the like. 

That binocular vision is of great service in the exact appre¬ 
ciation of distance is seen from the difficulty we experience in 
threading a needle "hen one eye is closed. 

Another illustration of this is the following : a thin metal ring 
about 2 inches in diameter, is suspended by a thread, and in a 
rod about 2 feet in length is fitted a stout iron wire bent at 
right angles. It will now be found almost impossible to put the 
end of the wire in the ring if either eye is closed, but this is most 
easily effected when both eyes are open. 
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BOOK VII 

ON MAGNETISM 


CHAPTER I 
PROPERTIES Ot* MAGNETS 

41a Natural and artificial magnets—Natural magnet, or lode- 
stone, is a mineral which has the property of attracting iron and a 
Sew other metals, especially nickel and cobalt I his mineral is an 
oxide of iron—that is, a compound of iron and oxygen When a 
piece of lodestone is dipped into iron filings the filings are attracted 

by and cling to the lodestone (fig 419), 
chiefly at opposite ends or edges. 

Lodestone has another property, 
which is not less remarkable—namely, 
that when it is placed in a stirrup, 
suspended to a thread nr placed on a 
cork which floats on water, it constantly points towards a certain 
direction of the horizon 

This lodestone, or magnetic stone, was known to the ancients, 
who called it Lydian stone, or Magnesian stone ; for it was first 
found near a village called Magnesia, m Lydia. And from this 
{dace the Greeks derived the name magnes, from which is obtained 
the word magnetism, under which name philosophers understand 
the whole of ihe properties which magnets possess. Magnetic iron 
ore is very abundant in Nature it is met with in the older geological 
formations, especially in Sweden and Norway, where it is worked 
as an iron ore, and famishes the best quality of iron. 

Artificial', magnets arc usually made of steel When steel 
is hardened by being raised to a high temperature, and suddenly 
cooled by imtnerskm in cold water, it acquires great hardness and 
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may be converted into an artificial magnet. The magnetic property 
may be imparted to it by rubbing it with a powerful magnet, either 
natural or artificial; and it then becomes itself a permanent 
magnet. 

Artificial magnets have just the same properties as natural 
magnets, but are far more powerful and convenient ; they are, 
accordingly, almost univer¬ 
sally used in experiments. 

They are sometimes made 
into bars a foot or two long, 
like that represented in fig. 

420; sometimes in a horse¬ 
shoe form (fig. 440) ; or, 
lastly, if they are to be free 
to move, they are cut out of 
a thin sheet of steel in the 
shape of a lozenge, as shown 
in fig. 422. A small agate 
cup is let into the centre, 
in such a manner that the 
needle can rest on a vertical pivot and oscillate freely in a hori¬ 
zontal plane. Thus arranged the artificial magnet becomes a 
magnetic needle or a compass needle. 

411. Distribution of magnetism in magnets.~The force with 
which a magnet attracts iron is not the same at all parts of it. 
The greatest attraction is at the ends ; it decreases rapidly from 
there towards the middle, where there is no attraction. For, if a 
magnetised bar is immersed in iron filings, when it is withdrawn 
the filings are seen to adhere to the ends in long and compact fila¬ 
ments (fig. 420), but not a particle adheres to the middle. 

The two parts near the ends where the attraction is most 
powerful are called the poles of the magnet, and the medial part 
where there is no attraction is called the neutral line. All magnets, 
natural or artificial, have each two poles and a neutral line. 
A single magnetic pole cannot exist by itself. Sometimes, besides 
the two principal poles, there are observed intermediate poles, 
which are called consequent poles. These arise from some in¬ 
equality in the temper of the steel, or from the manner in which 
the bar has been magnetised. We shall always assume that 
magnets, being properly magnetised, have only two poles. 

The action of magnets upon iron is exerted « M u *-*' 
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wftteh are not themselves magnetic. Thus, a magnet being placed 
on a table and a piece of cardboard rested upon it, iron filings are 
allowed to fall through a sieve (fig. 431). The filings fall while the 
cardboard is tapped, and being acted upon by the two poles they 
become arranged in long filaments, which group themselves along 
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curved lines from one end of the magnet to the other ; but over the 
middle of the magnet no action is observed, and the filings are there 
arranged as they would be over any non magnetic substance. 

412. Laws of magnetic attraction and repulsion.—When the 
two poles of a magnet are compared as to the action they exert 



upon iron, they seem to be completely identical. This identity is 
however, only apparent: for if to the same pole of the magnetic 
needle (fig. 422) die two poles of a bar magnet held in the hand be 
successively presented, the curious phenomenon is observed that 
if the pete a of the needle is attracted by pole B of the bar, it is, 
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cm the contrary, repelled by the other pole of the latter; which 
shows that the poles of the bar are not exactly identical, for one 
repels the pole a, while the other attracts it. The same difference 
may be ascertained to exist between the two poles of the needle 
ab ; for if the same pole, B, of the bar be successively presented to 
the two ends of the movable needle, in one case there is repulsion, 
in the other attraction. 

We shall presently see that a freely suspended magnet always 
sets with one pole pointing to the north and the other towards the 
south. The end pointing towards the north is called in this country 
the north pole, and the other end is the south pole. These are also 
called red and blue poles respectively, the red pole being that which 
points to the north. The end of the magnetic needle pointing to 
the north is also sometimes called the marked end of the needle , the 
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other end being the unmarked end. Hence, in reference to magnetic 
attraction and repulsion, the following law may be enunciated :— 

Poles of the t ante name repel, and Poles of contrary name attract, 
each other. 

The opposite actions of the north and south poles may be shown 
by the following experiment. A piece of iron—a key, for example— 
is supported by a magnetised bar, A (fig. 423). A second magnetised 
bar of the same dimensions, B, is then moved along the first, so that 
their poles are contrary'. The key remains suspended as long as the 
two poles are at some distance, but when they are sufficiently near 
the key drops just as if the bar which supported it had lost its 
magnetisation. This, however, is not the case, for the key would 
be again supported if the first magnet were presented to it after the 
removal of the second bar. 

The attraction which a magnet exerts upon iron is a reciprocal 
one, as is easily verified by presenting a piece of soft iron to a 
movable magnet; the magnet is attracted by the iron. 
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413- Experiment of broken magnets.—If we take a magnetised 
-Steel knitting-needle, AB (fig. 424X A being the north pole, and break 
it in die middle at the neutral line, N, where there is no appearance 
of magnetisation, we shall find that each of the two halves, AB' and 
A'B, forms a complete magnet, the broken ends, A',B', being of 
opposite polarity—that is to say, the end B' is a south and the end A' 
a north pole. If the half AB' be again broken, this will in turn pro¬ 
duce two small magnets, AB" and A"B', with poles and a neutral 
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line, and so on w ith the other half, and, indeed, as long as the division 
can be carried ; and if a piece be cut anywhere out of the magnet 
it will be a perfect magnet. It is not possible, in short, to produce 
a magnet which has only one kind of magnetism, or which contains 
more of one kind than another ; in other words, we cannot procure 
a unipolar magnet. Since the smallest pieces into which a magnet 
can be divided by cutting or filing, or by any other means, are 
found to be perfect magnets, it is concluded that, if we could deal 
with the elementary molecules, each would be a perfect magnet 
414. Theory of magnetism.—Modem views of magnetism 
assert that it is a property of the molecules ; that every molecule of 
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ft magnetic body is in itself a complete permanent magnet, with its 
north pole and smith pole. In the ordinary unmagnetised state, the 
elementary molecular magnets have no order or arrangement except 
that due to their mutual attractions and repulsions, so that they 
neutralise each other, so far as their action on an external magnetic 
substance is concerned. The condition of these elementary magnets 
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is represented in fig- 425, the black representing the soadi, and the 
white the north, poles of each. The process of magnetisation does 
not consist in imparting anything to the magnetic body, bat in 
giving a definite direction to its molecular magnets. In every 
magnet there is a limit beyond which it cannot be more highly 
magnetised; this limit of magnetisation is attained when ail the 
north poles point in one direction and all the south poles inexactly 
the opposite one. Between this final state of perfect arrangement 
and the initial state of absolute confusion there may be inter¬ 
mediate ones, corresponding to as many intermediate degrees of 
magnetisation. Fig. 426 represents such a stage. 

We need not trouble ourselves with the question as to how the 
molecules 01 a magnetic substance become magnets. We have 
only to suppose that the magnetic character of each molecule is an 
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inherent and permanent propeity of the substance, like its hardness 
or opacity, or electric conductivity. 

415. Influence of magnets upon magnetic substances.—A 
magnetic substance is readily distinguished from a magnet. The 
former has no poles ; if successn ely presented to the two ends of 
a n agnetic needle, afi (fig. 422), it will attract both ends equally, 
while one end of a magnet would attract the one, but repel the 
other, end of the needle. Magnetic substances also have no action 
on each other, while magnets attract or repel, according as unlike 
or like poles are presented to each other. Iron, nickel, and cobalt 
are the principal magnetic substances. Any magnetic substance 
may by suitable means be made into a magnet. 

416. Magnetic induction.—A magnetic substance placed in 
contact with a magnet becomes itself a magnet, hav ing a north pole 
nearest to the south pole of the original magnet, and a south pole 
at its other end, remaining so as long as the contact continues. 
For instance, if a small cylinder of soft iron, ab (fig. 427), be placed 
in contact with one of the poles of a magnet, the cylinder can in 
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ttim support a second cylinder, this in turn a third, and so on, to 
as many as seven or eight, according to the power of the magnet. 
Each of these little Cylinders is a magnet; if it be the north pole 
of die magnet to which the cylinders are attached, the part a will 
have south, and b north magnetism ; b will in like manner develop 
in the nearest end of the next cylinder south magnetism, and so on. 
But these cylinders are only magnets so long as the influence of a 
magnetised bar continues. For, if the first cylinder be removed 



from the magnet, the other cylinders immediately drop, and retain 
no trace of magnetism. Hence we may have temporary magnets 
as well as permanent magnets. 

This action, in virtue of which a magnet can develop magnetisa¬ 
tion in iron, is called magnetic induction or influence , and it can 
take place without actual contact between the magnet and the 
iron, though the action is not so strong, as is seen in the experi¬ 
ment represented in fig. 428, where ns is a bar of soft iron. 

When ns is removed from the neighbourhood of magnets 
neither end of it attracts iron filings, but when brought into the 
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position shown in the figure it becomes a magnet by induction, « 
being a north and r a south pole. Iron filings, when poured over 
it, cling to the ends but not to the middle. 

Magnetic induction explains the formation of the tufts of iron 
filings which become attached to the poles. The parts in contact 
with the magnet are converted into magnets; these act induc¬ 
tively on flie adjacent parts, converting them into magnets ; these, 
again, on .the following ones ; and so on, producing a threadlike 
wppgement of the filings (fig. 420). 

fltf. Coercive force. —We have seen from the above experiments 
fhfct soft iron at once becomes magnetised when placed near a 
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magnet, but that this magnetisation is not permanent, and ceases 
when the magnet is removed. Steel, under like conditions, is not 
magnetised at all, or to a very slight extent. If two similar bars 
of soft iron and hard steel are each rubbed from end to end with 
the pole of a magnet, it will be found that the steel has become 
a permanent magnet, while the iron, though strongly magnetised 
when m contact with the magnet, has not acquired any permanent 
magnetism. 

These different effects in soft iron and steel are ascribed to a 
coercive force , which, in a magnetic substance, opposes a viscous 
resistance to the setting of the molecular magnets in any particular 
direction, but when once they aie set retains them in that position. 
In steel this coercive force is very great , in soft iron it is very 
small, or even quite absent when the iron is veiy carefully piepared 
The harder and more bi ittle the steel, the greater is the coercive 
force ; but by heating to redness and gradually cooling it becomes 
almost as small as with wrought iron 15 y stiaining, hammering, 
or twisting, a <ertain amount of coercive force maybe imparted 
to soft iron, as will be explained undei Magnetisation (425; 

418. Magnetic field.—The space round a magnet in which its 
influence can be 
felt, that is, in 
which it can exer¬ 
cise magnetic in¬ 
duction, is called 
its magnetic field 
The strength of 
the magnetic field 
at any point is 
the magnetic force 
exerted at that 
point, and depends 
upon the strength 
of the magnet and 
the distance and 
direction of the 
point from the +»*> 

magnet. The effect due to a magnet is often spoken of as being 
due to its magnetic field. 

A very minute magnet, suspended so as to move freely and 
placed in various positions, would in each nlace set in i riftfiwi** 






<&**ctkra, which would be that of the magnetic force at the pl ace 
ia question. If the magnet be moved in its own direction, it 
describes a line the tangent to which is the direction of the force 
due to the magnet. Such lines are called lines of magnetic force, 
Fig. 421 represents the lines of force due to a bar magnet in a 
horizontal plane. As the iron filings are sifted over the cardboard, 
each particle becomes a magnet by induction and places itself, 
that is, the line joining its north and south poles, in the direction 
of the magnetic force at the place where it falls. Its neighbours 
do the same, and, as north and south poles attract, the filings 
form into filaments which delineate the lines of magnetic force. 
The lines appear to start from each pole—especially from the 
edges near the pole—and curve round to the other. It is usual to 
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speak of them as 
leaving the magnet 
at the north pole 
5j and returning to it 
at the south, so 
that the direction 
of a line of force 
is the direction in 
which a free iso- 
lated north pole 
* w ould move. 

Any magnet is 
always accompa- 

ja*vyi*TM> me<1 by its own 
S rou P of lines of 
force, which it car¬ 
ries with it wher¬ 


ever it may be. It is well to familiarise ourselves with the idea 
that they are not a mere geometrical figment, but that they have a 
real existence. 


Fig- 429 represents the field due to two opposite poles of two 
equal magnets, and fig. 430 that due to two equal poles of the 
same kind. 


The strength of the field due to a magnet depends partly upon 
the poles of the magnet, and partly upon their distance apart 
The'product of these two magnitudes, viz. the strength of either 
P°hi and the distance between them, is called the magnetic moment 
of the magnet. 
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CHAPTER II 
TERRESTRIAL MAGNETISM 

419. Directive action of the earth on magnets.—The power 

of attracting iron is not the only one which magnets possess ; they 
have also that of setting in a certain definite direction when they 
can turn freely in a horizontal plane. Thus, when a magnetised 
needle is placed on a pivot on which it can turn freely (fig. 431), 
it ultimately sets in a position 
which is more or less north and 
south. If removed from this po¬ 
sition, it always returns to it after 
a certain number of oscillations. 

If a magnetised strip of steel 
is placed on a cork, and this in 
turn is floated on water, the mag¬ 
net will, after a few oscillations, 
point in the same direction as the 
pivoted magnet, that is, nearly 
north and south (fig. 432). It is 
important in this second experi¬ 
ment to observe that the needle 
only sets in a certain direction, 
and that, though free to make 
either a forward or a backward 
motion, it remains in the middle of the vessel, and moves neither 
towards the north nor the south ; hence the force which acts upon 
the needle is simply directive, and not attractive. 

Analogous observations have been made in different parts of 
the globe, from which the earth has been compared to an immense 
magnet, whose poles are very near the terrestrial poles, and whose 
neutral line virtually coincides with the equator. 

The polarity in the northern hemisphere is called the northern 
or boreal polarity, and that in the southern hemisphere the southern 
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or austral polarity. In French works the end of a needle pointing 
north is called the austral or southern pole, and that pointing to 
the south the boreal or northern pole—a designation based on 
the hypothesis of a terrestrial magnet, and on the law that unlike 
magnetisms attract each other. In practice it will be found more 

convenient to use the English 
names, and call that end of the 
magnet which points to the north 
the north pole, and that which 
points to the south the south pole 
(412). That end of the needle 
which points to the north is often 
provided with a small transverse 
mark, and the end is accordingly 
spoken of as the marked end. Or 
the needle may be painted red and 
blue—the north end being red and the south blue. In accordance 
with this the northern parts of the earth must be regarded as having 
blue magnetism, the southern parts red magnetism, since red and 
blue poles attract each other. 

420. Magnetic meridian. Declination. —When a magnetic needle 
points towards the north, if we conceive a vertical plane, ab, passing 
through its two poles, NS, this plane is what is called 
the magnetic meridian of the place. The direction 
of this plane does not in general coincide with the 
geographical meridian of a place, which is the 
imaginary plane, ns, passing through the place and 
through the earth’s poles. The angle (fig. 433 ) 
which the direction, ab, of the magnetic needle, NS, 
makes with the geographical meridian, ns, is by 
some called the local declination, and by others, 
and more especially by mariners, the vat iation. In 
other words, as the magnetic needle does not exactly 
point to the earth’s north pole, the declination is the 
difference between this direction and the true north. 
* Sometimes the north pole of the needle is to the 
west of the meridian, and sometimes it is to the 
east In the former case the declination is said to 
be westerly , and in the latter case easterly. 

The declination of the magnetic needle, which varies in different 
places, is at present westerly in Europe and in Africa, but easterly 
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in Asia and in the greater part of North and South America. It 
shows, further, considerable variations from year to year even in 
one and the same place 

Thus, at London the needle showed in 1580 an easterly declina¬ 
tion of ii° 36'; in 1663 it pointed due north and south ; from that 
time the red end gradually tended towards the west, reaching the 
maximum declination of 24 0 41' in 1818 ; since then it has Steadily 
diminished at an average rate of 7 minutes a year ; it was 22° 30' 
in 1850, and is now (1905) 16 0 12' W. 

At Yarmouth and Dover the variation is about 40' less than at 
London ; at Hull and Southampton about 20' greater ; at Newcastle 
and Swansea about i° 15', and at Liverpool i° 30’ ; at Edinburgh 
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3 ° 5', and at Glasgow and Dublin about 2° 25' greater than at 
London. 

Isogonic lines are lines connecting those place* on the earth’s 
surface in which the declination is the same. Maps on which such 
isogonic lines are depicted are called declination or variation 
maps ; and a comparison of these in various years is well fitted to 
show the change which this magnetic element undergoes- The 
opposite plate represents a map in Mercator’s projection giving 
these lines for the year 1900. It will be seen that the surface of 
the globe is divided by these lines into two regions: one, the smaller, 
in which the variation is westerly, as indicated by the continuous 
lines j the other in which the variation is easterly, as indicated by 















tite dotted lines. The thick lines are called agonic Urns, i.e. lines 
of no declination. They separate regions of easterly from regions 
of westerly declination. Such charts are useful to the mariner as 
not only giving him the declination in any place, but also as show¬ 
ing him those regions on the globe where the declination changes 
most rapidly. Of these the most remarkable are the coast of 
Newfoundland, the Gulf of St. Lawrence, the seaboard of North 
America, and the English Channel and its approaches. 

Besides the changes which proceed from year to year, and 
which are called secular changes , the declination of the magnetic 
needle undergoes diurnal and annual changes. The diurnal 
change does not usually exceed one-third of a degree, and is much 
less in winter than in summer. The declination needle also 
exhibits accidental variations known as perturbations or magnetic 
storms ; these are connected with and are often manifested during 
the appearance of the aurora borealis. The effect of the aurora is 
felt at great distances. Auroras which are only visible in the 
north of Europe act on the needle even tn the latitude of England. 
In polar regions the needle frequently oscillates several degrees •, 
its irregularity on the day before the aurora borealis is a forecast 
of the occurrence of this phenomenon. 

421. Mariner’s compass.—The most important application of 
the magnetic action of the earth is in the manner’s compass. This 
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is a decimation com¬ 
pass used in guiding 
the course of a ship. 
Fig. 434 represents a 
view of the whole, 
and fig. 435 a verti¬ 
cal section. It consists 


of a cylindrical case, BB', which, to keep the compass in a hori¬ 
zontal position in spite of the rolling of the vessel, is supported on 
gimbals. These are two concentric rings, one of which, attached 
to the case itself, moves about the axis, xd (fig. 434), which plays 
in the outer ring, AB, while this latter moves in the supports, PQ, 
about the spas, **«, at right angles to the first. 

In the bottom of the box is a pivot, on which is placed, by 
means of an agate cap, a thin magnetic strip, ab, which is the 
needle of the compass. On this is fixed a disc of mica, O, a little 
larger than die length of the needle, chi which is traced a star 
with thirty-two branches, marking the eight points of the com- 



~CS»j Prismatic Compass 507 

pass, their halves and quarters. This is called the compos! card. 
The branch ending in a small star, and called N, corresponds to 
the bar ah, which is underneath the disc. 

In modem compasses more than one magnet is used. The 
magnets, each of which is a thin rectangular magnetised strip of 
steel, are fixed at right angles to the underside of the card, sym¬ 
metrically on each side of the centre. The binnacle containing the 
compass bowl is placed close to the steering wheel, in whatever 
part of the ship this may be. Knowing the direction of the 
compass in which the ship is to be steered, the pilot has the wheel, 
and therefore the rudder which is controlled by the wheel, turned 
till the direction coincides with the sight-vane passing through a 
line d marked on the inside of the box, and parallel with the keel 
of the vessel. 

422. Prismatic compass.—The prismatic compass is used in 
surveying ; it differs from the mariner’s compass mainly in its 
dimensions, and in the way in which observations are made. It 
consists of a shallow metal box about 
2$ inches in diameter (fig. 436) ; the 
needle, which is fixed below die 
compass card, plays on a pivot. A 
inetal frame, across which is stretched 
a horsehair, forms a sight-vane. 

Exactly opposite this is a right- 
angled or totally reflecting prism 
(359X Pi enclosed in a metal case 
with an eyehole and a slit as repre¬ 
sented at the side. 

In order to make an observation 
the compass is held horizontally, and 
so that the slit in the prism, the hair of the sight-vane, and 
the distant object are seen to be in the same line ; looking 
through the eyehole, the angle which the needle makes is then 
noted ; a similar observation is made with another object, and 
thus the angle between them is given. The sight-vane is hinged, 
and can be turned down, when it presses the magnet on the pivot, 
thus keeping it rigid, so that the compass can be transported in 
any position. 

The lower face of the prism is convex, and as the image is seen 
through this face of the prism it is magnified, and as it is seen by 
reflection it is reversed ; hence the figures on the card must be 
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reversed in order that they may be read correctly through the 
prism. 

433. In clination compass, —When a steel needle supported on 
a vertical pivot, as represented in fig. 431, has been so accurately 
balanced that it is quite horizontal before magnetisation , it is 
noticed that when it is magnetised it ceases to retain its horizontal 
position, and the north pole dips downwards. 

In order to observe this phenomenon, it is necessary to modify 
the mode of suspension. The needle is provided with a cylindrical 
steel axle passing through its centre and perpendicular to its plane, so 
that it can move in a vertical plane, as represented in fig. 437. The 
angle it forms with the horizontal plane is read off on the divided 
circle. 

Thus arranged, the apparatus is called the inclination compass 
Or (Upping needle , and the angle which the needle makes with the 
horizon when it is placed so that its plane of 
oscillation is the magnetic meridian is called 
the magnetic inclination or dip. 

Seeing that a magnetic needle, free to 
move in any direction, places itself along 
the ltnes of force (418), it follows that a dip 
needle, since it is free to move in the plane 
of the magnetic meridian, gives us the direc¬ 
tion of the lines of force in the field due to 
the earth’s magnetism. 

The angle of the dip, like that ot the 
declination, differs in different localities. It 
is greatest in the polar regions, and decreases 
with the latitude towards the equator, where 
there is a series of places at which it is zero 
—that is, at which the needle is horizontal. 
The line joining these places is called the 
terrestrial magnetic equator. In London at the present time (190$) 
the dip is 67° i\ reckoning from the horizontal line. In the 
southern hemisphere the inclination is again seen, but in a con- 
traryjdirection—that is, the south pole of the needle dips below 
thejjprizontal line. 

jdjSHjie terrestrial magnetic poles are those places in which the 
<j||||lig needle stands vertical—-that is, when the inclination is 90° 
the first of these, the magnetic north pole, was found by 
faSt James Ross in 96° 43' west longitude and 70° north latitude. 
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The same observer found in the South Sea, in 76° south latitude 
and loo east longitude, that the inclination was 88° 37'. From 
this and other observations it has been calculated that the position 
of the magnetic south pole was at that time in about 154 0 east 
longitude and 75J 0 south latitude. 

Lines connecting places on the earth’s surface at which the 
dipping needle makes equal angles are called isoclinic lines. They 
have a certain analogy and parallelism with the parallels of latitude 
(42), and the term magnetic latitude is sometimes used to denote 
positions on the earth with reference to the magnetic equator. 
The plate facing this page is an inclination map for the year 1900, 
the construction of which is quite analogous to that of the map of 
declination. 

The inclination is subject to secular variations, like the declina¬ 
tion. At Paris, in 1671, the inclination was 75 0 ; since then it 
has been continually decreasing, and in 1859 was 66° 14'. In 
London, also, the dip has continually diminished since 1720 by 
about 2-6'per annum. In 1821 it was 7o° 3'; in 1838, 69° 17'; 
in 1854 it was 68° 31'; in 1859 it was 68° 21'; it is now (1905) 
67° 1'. It is also subject to slight annual and diurnal variations ; 
being, according to Hansteen, about 15' greater in summer than in 
winter, and 4' or 5' greater before noon than after. 

424. Horizontal force.—The force of the earth’s magnetism on 
a compass needle (the directive force) varies at different parts of 
the earth’s surface, being greatest in the neighbourhood of the 
equator, and diminishing down to zero at the north and south 
poles. For example, the horizontal force of the earth’s magnetism 
is twice as great at Bombay as at Portsmouth. As the force of 
gravity at any place is measured by the oscillations of a pendulum, 
so, in like manner, the oscillations of a magnetic needle afford a 
measure of the earth’s force on a compass needle at any place. 
The force varies as the square of the number of oscillations in a 
given time. 

The magnetic elements at any place are the declination, the dip, 
and the force. 



CHAPTER III 

METHODS OF MAGNETISATION 

425. Magnetisation by the influence of the earth. —To 

magnetise a substance is to impart to it the properties of a 
magnet, that is, of attracting particles of iron, and of turning 
towards the north when suitably suspended. Magnetisation can 
be produced by the influence of the earth, by rubbing with a magnet, 
or by means of electricity. The best material for permanent mag¬ 
nets is hard steel. There is considerable difference in different 
specimens of iron and steel as regards their power of accepting 
and retaining magnetisation. 

The magnetic field of the earth is powerful enough to act as a 
Source of magnetisation. This may be illustrated by taking a rod 
of wrought iron and placing it in the magnetic meridian so that it 
makes an angle with the horizontal equal to the angle of dip. In 
this position the rod is parallel to the earth’s lines of force and is 
magnetised by induction, the lower end becoming a red or north 
pole, and the upper a blue or south pole. Yet this magnetisation 
is not permanent, for, if the rod be turned upside down, the 
poles are inverted, since pure soft iron is destitute of coercive force 
(417). But if, while the rod is in the above position, it be hammered 
or twisted, the hammering or the twisting imparts to it a certain 
amount of coercive force, and it retains for some time the 
magnetisation thus evoked. If several thm rods thus magnetised 
are united so that poles of the same name are together, a tolerably 
powerful magnet is obtained. Steel is similarly magnetised by the 
earth’s field, but to a much less extent. 

It is this magnetising action of the earth which develops the 
magnetism frequently observed in steel and iron objects, such as 
fire-irons, gas and water pipes, railings, gates, lightning conductors, 
sto^-pipes, lamp-posts, etc., which remain for some time in a more 
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pole downwards, just as if placed over the south pole of a power¬ 
ful magnet. The magnetism of native oxide of iron (magnetic 
iron ore) has doubtless been produced by the same causes ; the 
very different magnetic power of different specimens being partly 
attributable to the different positions of the veins of ore with 
regard to the line of dip. The ordinary irons of commerce are 
not quite pure, and possess a feeble coercive force ; hence a feeble 
magnetic polarity is generally found to be possessed by the tools 
in a smith’s shop, such more especially as cold chisels. Cast 
iron, too, has usually a great coercive force and can be permanently 
magnetised. 

The turnings, also, of wrought iron and of steel produced by the 
powerful lathes of our workshops, are found to be magnetised. 
So, too, are rifles which have been stacked in a vertical position. 

Magnetisation by magnets .—In magnetising bar magnets, and 
especially magnetic needles, the method generally adopted is to 
rub them with powerful magnets. We will describe two methods, 
that of single and that of separate touch. 

Single touch .—The bar to be magnetised is placed on the table 
with the end which is to be red placed towards the north, and is 



Fig. 43 ° 


rubbed with the north or red pole or a strong magnet from north 
towards south (fig. 438), or, what comes to the same thing, with the 
south pole of the magnet from south to north, the operation being 
repeated two or three times. As the north pole moves over 
the bar, the molecular magnets are twisted round and their south 
poles follow the retreating north pole of the magnetising magnet 
Thus the epd of the bar where the rubbing ceases is of opposite 
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poiarity to that of the rubbing pole. This method is only used for 
small magnets. 

Separate touch .—Two equally strong magnets are required. 
They are held (fig. 439) with opposite poles near the centre of the 
bar to be magnetised and separated, that is, moved in opposite 
directions to the ends of the bar, then replaced at the centre, and 
the operation repeated a few times, each magnet rubbing only in 
one direction. The bar is then turned over and the rubbing 
repeated on the other side. This is a more powerful method than 
that of single touch, and is that employed when a dip needle has 
to be magnetised. 

Magnetisation by means of electric currents (537) is the most 
powerful means of imparting magnetic properties, and is the one 
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generally used for large magnets, whether bar or horseshoe. 
Whatever be the mode of magnetising, there is for each particular 
magnet a maximum of magnetisation which cannot be exceeded. 
When this is attained the magnet is said to be saturated (414)- 
426. Magnetic batteries. Armatures. —Magnetic battery is 
the name given to a system of bars joined with their simtlar poles 
together. Sometimes the bars are straight and sometimes they 
are curved, as shown m fig. 440, which represents a horseshoe 
battery.* Very powerful compound magnets are now made by 
separately magnetising a number of thm steel plates and then 
^riveting them together. The lifting power of such a system is not 
<^uite equal to that of the sum of the lifting powers of ah *0 
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separate magnets, for each magnet, acting inductively on the adja¬ 
cent one, tends to weaken it; but it is considerably greater than 
that of a solid magnet of the same weight. 

Magnets, whether natural or artificial, 
are liable to become weakened unless 
provided with armatures. These are pieces 
of soft iron which are placed in contact 
with the poles, such as the piece ab in 
fig. 440. The two poles of the magnet, 

A and B, produce by induction opposite 
poles at b and a , and these tend to main¬ 
tain the magnetism of the horseshoe. 

The piece ab is also called the keeper ; 
to it is suspended the weight which the 
magnet is intended to support. When 
the keeper is attached a closed magnet is 
formed, which has comparatively little 
external polar action, since the lines of 
force from A to B pass almost exclu¬ 
sively through the keeper. 

This suggests a method of determin¬ 
ing the strength of horseshoe magnets. 

If a scale pan be attached to the keeper, 
and weights be gradually added, the 
keeper will ultimately become detached ; 
the greatest weight which such a magnet 
will just support measures what is called 
its tractive or portative force. Magnets 
are constructed which will support from 
15 to 25 times their own weight. Fig. 440. 

Ordinary compass needles, such as 
are used in binnacles or for surveying, are not provided with a 
keeper. When not in use they should be left unclamped. Being 
then free to oscillate, they set in the magnetic meridian, and the 
earth’s magnetism thus acts in a sense as a keeper. 

427. Comparison of magnetic moments.—The moments (418) 
of two bar magnets may be compared by balancing the deflections 
of a magnetic needle which they separately produce. One of the 
magnets is placed at right angles to the magnetic meridian at 
some distance from the needle, and so that the prolongation of the 
axis of the bar magnet passes through the centre of the needle, 
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whifch of course is deflected. The second magnet is now placed 
.in a similar position on the other side of the needle, similar poles 
facing each other. The position of the second magnet may be 
adjusted so that there is no deflection of the needle. The action 
of each magnet on the needle is then the same, and in these 
circumstances the moments of the two magnets are directly as the 
cubes of their distances (i.e. the distances of their centres) from the 
centre of the needle. Thus, if these distances are 20 and 21 inches, 
the moments are as 8,000 to 9,261, or the moment of the second 
magnet is ri6 times that of the first. 

428. Magnetism of iron ships. —The inductive action of 
terrestrial magnetism upon the masses of iron always found in 
ships exerts a disturbing action upon the compass needle. The 
deviation of the compass due to this cause may be so con¬ 
siderable as to render the indications of the needle almost useless 
if it be not guarded against. A full account of the manner in 
which deviation is produced, and of the means by which it is 
compensated, is inconsistent with the limits of this book, but the 
most important points are the following :— 

i. A vertical mass of soft iron m the vessel, say in the bows, 
would become magnetised under the influence of the earth ; in the 
northern hemisphere, the lower end would be a north pole, and 
the upper end a south pole ; and as the latter may be assumed to 
be nearer the compass needle, it would act upon it. So long as 
the vessel was sailing in the magnetic meridian this would have no 
effect ; but in any other direction the needle would be drawn out 
of the magnetic meridian ; and a little consideration will show 
that when the ship was at right angles to the magnetic meridian 
the effect would be greatest. This error, due to vertical induction , 
would disappear twice in swinging the ship round, and would be at 
its maximum twice ; hence the deviation due to this cause is known 
as semicircular deviation. 

ii. When an iron or steel ship is being built, each plate is 
magnetised by the earth’s induction, and the induced magnetism 
is increased and rendered more or less permanent by the hammer¬ 
ing and riveting the plate undergoes. Thus the ship when complete 
acts like a huge magnet. If the ship has been built in a N. and S. 
direction with head to north, she will have red magnetism in the 
bow near the keel, and blue magnetism in the stern near the deck. 

(.Semicircular error of the compass is caused by this magnetism 
as the ship swings. 
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fit Horizontal masses, again, such as deck-beams, are also acted 
upon inductively by the earth’s magnetism, and their induced 
magnetism exerts a disturbing influence upon the magnetic needle. 
The effect of this horizontal induction will disappear when the ship 
is in the magnetic meridian, and also when it is at right angles 
thereto. In positions intermediate to the above the disturbing 
influence will attain its maximum. Hence in swinging a ship 
round there would be four positions of the ship’s head in which the 
influence would be at a maximum, and four in which it would be 
at a minimum. The effect of horizontal induction is accordingly 
spoken of as quadrantal deviation. 

iv. Heeling error— The effect of iron beams on a compass, 
when a vessel heels over under the influence of wind or sea, is to 
cause a deviation proportional to the amount of heeling. 

The maximum deviation due to heel is when the ship’s head is 
north or south by the compass, and it vanishes when the ship’s head 
is east or west. 

The influence of these various causes may be ascertained by 
the process of ‘swinging ship.’ This consists in comparing the 
indications of the ship’s compass with those of a standard compass 
on shore. The ship is hauled or steams round with her head to 
the various points of the compass, and the readings of the compass 
in various positions are compared. 

From this comparison a table of deviations is compiled, showing 
the reading of the ship’s compass for every point of the true com¬ 
pass. One school of navigators content themselves with steering 
by the use of this table ; others prefer to correct their compass by 
compensating the action of the iron of their vessel by magnets and 
masses of soft iron in the manner now briefly described. 

The semicircular deviation, which is chiefly caused by the per¬ 
manent magnetism, is corrected by magnets placed in the binnacle 
fore and aft and transversely. 

The quadrantal deviation caused by the iron beams is corrected 
by hollow cast-iron globes placed on a level with the compass 
needle. 

The heeling error is corrected by a magnet placed in a vertical 
position in the centre of the binnacle. 
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BOOK VIII 

ON ELECTRICITY 

CHAPTER I 
FUNDAMENTAL PRINCIPLES 

429. Electricity.—Electricity is a powerful physical agent which 
manifests itself mainly by attractions and repulsions, but also by 
luminous and heating effects, by violent shocks, by chemical decom¬ 
position, and many other phenomena. Electricity-is evoked k in 
bodies by a variety of causes, among which are friction, pressure, 
chemical action, heat, and magnetism. 

Thales, 600 b.c., knew that when amber was,rubbed with silk it 
acquired the property of attracting light bodies, such as feathers, 
pieces of straw, etc., and from the Greek name of this substance 
(jfXtierpov, electron ) the term electricity has been derived. Six 
centuries afterwards, Pliny wrote of amber, 4 When the friction of 
the fingers has imparted to it heat and life, it attracts pieces of 
straw as a magnet attracts particles of iron.’ Thisjs nearly all the 
knowledge left from ancient times ; it was notjuntil almost the 
end of the sixteenth century that Dr. Gilbert, physician to Queen 
Elizabeth, called attention to this property of amber, and showed 
that it was not limited to amber, but that other bodies, such as 
sulphur, wax, glass, etc., also acquired the property of attracting 
light bodies when they were rubbed or struck with flannel or with 
catskin. 

To make this experiment, a glass rod, or a stick of sealing-wax 
or shellac, is held in the hand, and rubbed with a piece of flannel, 
n or with the skin of a cat; it is then found that the parts rubbed have 
the property of attracting light bodies, such as pieces of silk, wool, 
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feathers, paper, bran, gold leaf, etc., which, after remaining a short 
time in contact, are again repelled (fig. 441). Not only have the 
substances thus rubbed the property of attracting light particles, 
but they also become luminous in the dark ; they give sparks, and 
present a number of phenomena, the cause of which is described 
under the general term electricity , which was first introduced by 
Gilbert. 

For instance, if a rod of glass is warmed, and rubbed in a dark 
room with a warm silk 
handkerchief, a crack¬ 
ling noise will be heard 
and sparks seen as the 
silk passes over the 
glass. If the glass is 
held near the face, a 
curious tickling sensa¬ 
tion is produced, due 
to the hairs of the 
face and head being Fi*. u>- 

attracted by the elec¬ 
trified rod. If some mercury is sealed in an exhausted glass tube, 
a pale luminosity is seen to follow the mercury when it is shaken in 
the tube. 

However slow may have been the progress of the science of 
electricity in ancient times and in the middle ages, its progress 
during the eighteenth and nineteenth centuries has been extremely 
rapid. In the last seventy or eighty years more especially the new 
facts discovered have been so numerous and remarkable, and their 
applications so curious and important, that electricity has been 
compared to a kind of fairy of whom it was only necessary to ask 
miracles to have them realised. 

430. Electroscopes. Electric pendulum. Proof plane.—In order 
to ascertain whether bodies are electrified or not, instruments 
called electroscopes are used. The simplest of these, the electric 
pendulum (fig. 442), consists of a small pith ball attached by means 
of a silk fibre to a brass rod resting on a glass support. To find 
whether a body is electrified or not, it need only be presented to an 
electric pendulum ; in the first case there is attraction, while in 
the second case there is not. Yet the electric pendulum is not 
very sensitive, and would not be affected by a body only feebly 
charged with electricity. More complicated and more delicate 
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apparatus most then be had recourse to, which will be described 
afterwards (438). 

The electrification produced on a body by friction—for instance, 
that excited on a rod of shellac by rubbing it with flannel—resides on 
the surface of the part which has been rubbed, and may be trans- 
ferred to the surface of another body. A proof plane is a convenient 
means of doing this. It consists of a disc of gilt paper or thin 
metal, fastened to the end of a thin shellac or ebonite rod. If a 
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proof plane is allowed to touch an excited rod of shellac and is 
then brought near to the electric pendulum, the pith ball behaves 
exactly as it did when the shellac was approached, only the action 
is not so powerful. 

431. Distinction of the two kinds of electricity.—If electricity is 
developed on a glass rod by friction with silk, and the rod is brought 
ndar an flectnc pendulum (fig. 442), the ball will be attracted to 
the glass, and after momentary contact will be repelled (fig. 443)- 
By this contact the ball becomes electrified, and so long as the two 


bodies retain their electricity repulsion follows when they are brought 
near each Closer. If a stick of sealing-wax, electrified by friction 
with fiansud/br fur, is brought hear to another electric pendulum, 
die saaiji $Sbets will be produced : the ball will fly towards the 
contact will be repelled. Two bodies which haVfe 
awe id with the same electricity repel each other. But the 
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electricities respectively developed in the preceding cases are not 
the same. I£ after the pith ball has been touched with an electrified 
glass rod, an electrified stick of sealing-wax and an electrified 
glass rod are alternately advanced towards it, the pith ball will he 
attracted by the former and repelled by the latter. Similarly, if 
the pendulum is charged by contact with electrified sealing-wax, 
it will be repelled when this is presented to it, but attracted by the 
approach of the electrically excited glass rod. 

In. the above experiments the rubber as well as the siibstarrce 
rubbed is electrified by the friction. That this is the case, and that 
the electricities developed on the rubber and on the substance 
rubbed differ from each other, may be conveniently shown by means 
of two discs, one of glass, fixed to an insulated handle of glass, and 
the other of wood covered with a padding of silk (fig. 444) similarly 
insulated ; if these 
are rubbed together, 
and then presented 
separately to an elec¬ 
trified pith ball, the 
ball will be attracted 
by the one disc 
and repelled by the 
other. 

On experiments of this nature, Dufay first made the observation 
that there are two different electricities : the one developed on 
glass by rubbing it with silk, the other on shellac by friction with 
flannel. 

432 - Hypothesis of two electricities.—The most convenient of 
the various hypotheses which have been made to account for 
electrical phenomena is that of Symmer, an English physicist. 

He assumes that every body contains an indefinite quantity of 
a subtile imponderable matter, which is called the electric fluid. 
This fluid is formed by the union of two fluids—the positive and 
the negative. When they are combined they neutralise each other, 
and the body is then in the natural or neutral state. By friction, 
by chemical action, and by several other means, this neutral fluid 
may be decomposed and the two fluids separated ; but one of 
them can never be excited without a simultaneous and equal 
excitation of the other. When two substances are rubbed 
together the electric fluid of each is decomposed. The positive 
fluid of the first goes over to the second and the negative of fire 
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second to the first, the result being that the first becomes negatively 
electrified and the second positively. The two electricities were 
formerly called vitreous and resinous, but the terms positive and 
negative, first used by Franklin, are now more generally employed- 
This distinction is merely conventional; it is adopted for the sake 
of convenience, and there is no other reason why resinous electri¬ 
city should not be called positive electricity. 

Electricities of the same kind repel each other, and electrici¬ 
ties of opposite kinds attract each other. The electricities can 
circulate freely on the surface of certain bodies which are called 
conductors, but remain confined to certain parts of others, which 
are called non-conductors (434). 

433. Electric attraction and repulsion.—Adopting this two-fluid 
theory, the qualitative and quantitative laws of electric attraction 
and repulsion may be stated as follows :— 

I . Two bodies charged with the same electricity repel each other; 
two bodies charged with opposite electricities attract each other. 

II. The repulsion or attraction between two small electrified 
bodies is in the inverse ratio of the square of the distance between 
them. That is to say, that if two bodies be charged to a certain 
extent with electricity, they will attract or repel each other with 
a certain force according as the electricities are different or 
are the same ; and if the distance between them be increased 
to twice or thrice the original amount, the force, whether of 
attraction or repulsion, will be one-fourth or one-ninth of what it 
was originally. 

III. The distance remaining the same, the force of attraction or 
repulsion between two electrified bodies is directly as the product 0/ 
the quantities of electricity with which they are charged. Thus, if 
the quantity of electricity with which a body is charged is twice 
or thrice its original amount, it will exercise on another charged 
body twice or three times the attractive or repulsive force. 

The first of these laws follows from the experiment described 
above (431) ; the truth of the second and third laws was experi¬ 
mentally established by Coulomb. 

434. Conductors and non-conductors. —When a glass rod, 
rubbed at one end, is brought near an electroscope, that part only 
Will be found to be electrified which has been rubbed ; the other 
end will produce neither attraction nor repulsion. The same is the 
case with a rod of shellac or of sealing-wax. In these bodies elec- 
tricitystocs not past from one part to another—they do not conduct 
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electricity. Experiment shows that when a metal has received 
electricity in any of its parts, the electricity instantly spreads 
throughout its entire surface. Metals are hence said to be good 
conductors of electricity. 

Bodies have,'accordingly, been divided into conductors and non¬ 
conductors. This distinction is not absolute, and we may advan¬ 
tageously consider all bodies as offering a certain resistance to the 
passage of electricity which varies with the nature of the substance. 
Those bodies which offer little resistance are conductors, and those 
which offer great resistance are non-conductors or insulators ; elec¬ 
tric conductivity is thus the inverse of electric resistance. We 
are to consider that between conductors and non-conductors there 
is a quantitative and not a qualitative difference ; there is no con¬ 
ductor so good but that it offers some resistance to the passage of 
electricity, nor is there any substance which insulates so completely 
but that it allows some electricity to pass. The transmission from 
conductors to non-conductors is gradual, and no sharp line of 
demarcation can be drawn between them. 

In this sense we must understand the following table, in which 
bodies are classed as conductors , semi-co?iductors , and non-con¬ 
ductors ; those bodies being conveniently designated as conductors 
which, being held in the hand and applied to an electroscope 
charged with either kind of electricity, discharge it almost instan¬ 
taneously ; semi-conductors being those which discharge it in a 
short but measurable time—a few seconds, for instance ; while 
non-conductors effect no perceptible discharge, even in the course 


of a minute. 

Conductors 

Semi-conductors 

Non-conductors 

Metals. 

Alcohol and ether. 

Dry oxides. 

Graphite. 

Powdered glass. 

Air and dry gases. 

Acids. 

Dry wood. 

Dry paper. 

Water. 


Silk. 

Snow. 


Diamond and precious stones. 

Vegetables. 


India-rubber. 

Animals. 


Glass. 



Sulphur. 

Resins. 


43 $. Insulating bodies. Electrification of conductors.—Bad 
conductors are called insulators , for they are used as supports for 
bodies on which electricity is to be retained. A conductor 
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rahains electrified only so long as it is surrounded by 'fl Su i ators 
Jf this were not the case, as soon as the electrified body 
contact with the earth, which is a good conductor, the e> , ■. ... 
would pass to the earth. A body is insulated by bein^ „j ace ^ 
on a support with glass feet, or on a cake of resin or gutt^ 
or by being suspended by silk threads. No bodies, l,Q Wever 
insulate perfectly ; all electrified bodies lose their electri^. mor ^ 
or less rapidly by means of the supports on which tk regt 
Glass is in itself a very perfect i hs \, ]ator ‘ 
r but it is always somewhat hygrosc.. 

er mm "'gU'.* the aqueous vapour which condet^^^ j 

|j| affords a passage for the electric- . . 

insulating power of glass is mate^^j^ j m 


proved by coating it with shellac 


or copal 


TsT varnish. Dry air is a good insula.^ . 

® <k/S V when the air contains moisture, ■ 5 _ 

mf I tIl. , , , , this con- 

JF | ’S. denses on the supports of the C| ectrified 

body and conducts electricity, and thjs 

y appears to be the principal sour. , . 

loss of electricity. 

. W-hen. jt.js. rqau'reH.ir>..ios.ul^^, 
ductor of any kind, such an instj ator as 
that of Mascart (fig. 445) is useful. A metal plate, P, is ^ xcd t(J 
the top of a glass rod which is fused to the bottom of a coxl i ca i 
glass vessel (fig. 445) whose mouth is shielded by an e bo n j te 
cover. The vessel contains strong sulphuric acid, a highly ^ygro- 
scopic substance, so that the stem, A, is always dry. 

It is owing to their great conductivity that metals ^ n0( . 

become electrified by friction when held in the hand. Bu t ^ 
are insulated, and then rubbed, they give good indication^ 
may be seen by the following experiment:—A brass tub,, j g p rQ _ 
vided with a glass handle (fig. 446) by which it is held, - (t j s 


Fig. «*6. 


then rtlbbed with dry silk or flannel. On presenting t^ e meta | 
to the Electric pendulum (fig. 442), the pith ball will be £ lttracted . 
If the metal is held in the hand, electricity is indeed pnx iuced b y 
irictionjust as before, but it immediately passes through the ^y 
iafo the ground. 
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The experiment may also be conveniently made with the ■in¬ 
sulated brass sphere represented in fig. 449. If this is held by the 
stem, and the sphere is flapped with a dry silk handkerchief, it 
becomes strongly electrified. 

This may further be illustrated by the following instructive 
experiment:—A glass cylinder containing mercury, M, insulated 
by resting on a slab of paraffin, P, fig. 447, is in metallic connection 
with an electroscope, E (438). A dry glass rod being slowly 
immersed the leaves do not diverge ; but they do so as the rod is 
withdrawn, and the divergence increases until the rod is completely 
removed. The electrifi¬ 
cation of the mercury is 
imparted to the electro¬ 
scope by the conductor; 
on bringing the rod near 
theelectroscopethe leaves 
collapse again, and the 
same result ensues if the 
rod is placed in the mer¬ 
cury. This experiment 
shows thus that a liquid 
metal may be electrified 
by friction, and that the 
electrification on the glass 
is equal and opposite to 
that in the mercury. 

Electrification by con¬ 
tact is also due to 
conductivity ; for when 
an insulated unelectrified 
conductor is made to touch a charged conductor, a portion of the 
charge on the latter passes at once to the former. If the two 
bodies have the same area and the same shape, two brass spheres 
of the same diameter, for instance, the electricity is equally dis¬ 
tributed on the two ; but if the bodies differ in shape or area the 
electricity \s unequally distributed. 

436. Law of the development of electricity by friction.— 
Whenever two bodies are rubbed together, the two electricities are 
developed at the same time and in equal quantities—one body 
takes the positive, and the other negative electricity. This may 
be best proved by the following simple experiment devised by 



Fig. 447- 
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Faraday :—A small flannel cap provided with a silk thread is fitted 
on the end of a stout rod of sealing-wax (fig. 448), and rubbed 
round a few times. When the cap is removed by means of the 
silk thread, and presented to a pith-ball pendulum charged with 
positive electricity, the latter will be repelled, proving that the 
flannel is charged with positive electricity ; while, if the shellac 
is presented to the pith ball, it will be attracted, showing that 
the shellac is charged with negative electricity. Both electricities 
are present in equal quantities ; for it 
the rod is presented to the electroscope 
before removing the cap, no action is 
observed The same result is shown by 
the glass and silk discs described above 
(430 

The kind of electricity developed on 
any particular body by friction depends 
on that by which it is rubbed. Thus, 
glass becomes negatively electrified when 
rubbed with catskin, but positively when rubbed with silk. So, 
too, sulphur when rubbed with the hand becomes negatively 
electrified, but rubbed with gun-cotton it is positively electrified. 
In the following list the substances are arranged in such an order 
that each becomes positively electrified when rubbed with any 01 
the bodies following, but negatively when rubbed with any of those 
which precede it:— 

5- The hand 

6 . Wood. 

7. Metals 

8 . India-rubber 



Fig 448 


1. Catskin. 
2®Flannel. 

3. Glass. 

4. Silk. 


9 Resin 

10. Sulphur. 

11. Gutta-percha. 

12. Gun-cotton. 


A strip of pyroxylin or gun-paper, when drawn through the 
fingers, is an admirable means of producing negative electricity. 

437. Distribution of electricity on the surface of bodies —When 
a body is electrified, all the electricity goes to the surface, where it 
is accumulated as an extremely thin layer, tending constantly to 
escape, and flying off, in short, when it is not retained by any 
obstacle. This may be demonstrated by the following experiment, 
which is due to Biot. 

A brass globe, fixed to an insulating support, is provided 
with two brass hemispherical envelopes which fit closely, and can 
be separated by glass handles. The sphere is electrified, and 
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the two hemispheres are brought in contact with each other and 
with the sphere. On rapidly removing them (fig. 449), the 
coverings will be found to be electrified, while the sphere is in its 
natural condition, and indicates no electricity. Thus in removing, 
so to say, the surface of a body, all the free electricity it contained 
is also removed, which shows clearly that the electricity is on the 
surface. That electricity resides solely on the surface is further 
proved by the fact that two metal spheres of the same diameter, 
but one of them solid and the other hollow, become equally charged 
when, one having been given a charge from some source, the two 
are brought into contact and then separated. This is proved by 
placing them successively at the same distance from a gold-leaf 
electroscope (438). It is thus found that each produces the same 
amount of divergence in the leaves, showing that it is not the mass 


? 

Fig. 449. 




but the extent of surface which determines the charge that a con¬ 
ductor can acquire. Coulomb made this experiment with a brass 
sphere and a wooden one of the same diameter covered with gold 
leaf. 

The same point may also be illustrated by means of the follow¬ 
ing apparatus (fig. 450). Two tinplate rings, e, about eight to ten 
inches in diameter, are connected together by four thin vertical 
tinplate bands, a, b, c, d, and by twenty-four vertical wires ; 
with the exception of two, the latter are not shown, so that the 
interior of the apparatus may be seen. To each of the vertical 
bands a strip of paper is fastened both inside and out, and a 
similar pair of strips is suspended to a cross bar. If this apparatus 
is insulated and connected with an electric machine at work, the 
outer paper strips are repelled, while those in the interior show no 
signs of electric repulsion, 
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Franklin placed a long chain in a metal teapot, to the spout of 
which were suspended two pith balls. The teapot was insulated 
and electrified. On drawing out the chain by a silk string he found 
that the divergence of the pith balls diminished, but was restored 
to its original amount when the chain was brought back. Here 
there was no alteration in the mass of metal concerned in the ex¬ 
periment, but the extent of surface was changed. 

This influence of the surface may be further illustrated by the 
experiment represented in fig. 451. In the ebonite tube, R, a 
metal tube, tn, is inserted, provided with two paper strips. The 
open end of m is dipped in soap solution, and after being taken 
out it is charged with electricity so that the strips are almost 



horizontal; by carefully working an india-rubber bellows, such as is 
used for a spray producer, a soap bubble is blown at the end of m, 
and as its volume increases the leaves fall together. On carefully 
detaching the tube from the ebonite, atr passes out, the bubble 
contracts, and in the same degree the divergence of the leaves 
increases. 

One of the most remarkable illustrations of the distribution of 
electricity on the surface is that employed by Faraday, who made 
a large cubical wooden frame, 12 feet in the side, and covered it 
with sheet lead. This conducting chamber was provided with 
xlaor and window and was insulated from the ground. It could be 
HfigMWCted with a powerful electric machine in full work. ‘ I 
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went into the cube,’ said Faraday, ‘and lived in it, but though I 
used lighted candles, electrometers, and all other tests of electrical 
states, l could not find the least influence upon them, or indication 
of anything particular given by them, though all the time tbe out¬ 
side of the cube was powerfully charged, and large sparks and 
brushes were starting from every part of its outer surface.’ 

438. Gold-leaf electroscope.—The gold-leaf electroscope is a 
small but delicate apparatus for ascertaining whether a body is 
electrified, and, if so, with what kind of electricity it is charged. 
It consists of a tubulated glass shade (fig. 452), the neck of which 
is closed by a cork. In this is fitted a brass rod terminating at 
the top in a knob, and at the bottom tn two strips of gold leaf. 
The neck, the cork, and the 
upper part of the shade are 
coated with a thick layer of 
sealing-wax varnish, which 
is a solution of sealing-wax 
in spirits of wine. The 
object of this coating is 
to improve the insulating 
qualities of the glass. 
is, indeed, a bad conductor, 
but it is very hygroscopic 
(291)—that is, it readily 
attracts aqueous vapour 
from the air, and thus 
becomes coated with a layer 
of moisture, which renders 
its surface a conductor 
( 435 )- When covered with varnish this evil is removed, for varnish, 
which for electric purposes is usually made of sealing-wax, is not 
hygroscopic. 

The air in the inside is dried by quicklime, or by chloride of 
calcium, or by pumice stone soaked in strong sulphuric acid, and 
on the inside of the shade there are two strips of tinfoil com¬ 
municating with the ground. 

When the knob is touched with a body charged with either kind 
of electricity, the leaves diverge. To ascertain whether the charge 
is positive or negative we charge a shellac rod with negative 
electricity by rubbing it with flannel, and by means of a proof 
plane transfer some of the electrification to the cap of the elect™. 



Fig. 452. 
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scope. If the divergence of the leaves increases we infer that the 
electroscope was charged with negative electricity. If the diver¬ 
gence diminishes the original charge was probably positive, but 
not certainly so. For confirmation we take a positive charge by 
means of the proof plane from a glass rod which has been rubbed 
with silk and communicate it to the electroscope, the leaves of which 
will now diverge further, showing that the original charge was 
positive. 

The electroscope is, however, usually charged and the tests 
made by induction For the mode of doing this see paragraph 444. 
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The electroscope is sometimes used as a measuring instrument 
or electrometer, the angle of divergence of the leaves being measured 
This is done by placing behind them a graduated scale. For very 
small charges, the angle of divergence may betaken as proportional 
to the charge communicated to the instrument, but this propor¬ 
tionality no longer holds when they increase. 

A convenient form of electroscope, and one which when con¬ 
structed on a smaller scale lends itself to projection by the magic 
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lantern, is represented in fig. 453. It consists of a square sheet- 
metal case, the front and back of which are closed by glass and 
the sides by wire gauze. The metal rod, l, provided with a metal 
sphere and hook, passes through an insulator in the top, and to it 
is attached a thin strip of aluminium foil. When the sphere is 
electrified the foil is repelled, and the divergence can be measured 
on a mica scale. 

For small degrees the deflection is a measure of the quantity of 
electricity imparted to the sphere, and the instrument may thus 
serve as an electrometer. 

439. Electric screens.—The property of electricity of residing 
on the surface is applied in electiic screens. If it be desired to 
protect anything, such as a delicate gold-leaf 
electroscope, from accidental injury from a 
discharge, it is sufficient to enclose it by a 
cage of wire gauze (fig 454). It is unaffected 
by even powerful discharges from an electric 
machine placed near it. This pnnciple has 
been applied in the protection of buildings 
from lightning discharges (484). 

440. Electric tension.—When accumu¬ 
lated on the surface of bodies, electricity 
tends to pass off with an eftbit which is known as tension or electro¬ 
static pressure. This increases with the quantity of electricity. So 
long as it does not exceed a certain limit, it is balanced by the resist¬ 
ance presented by the small conducting power of air when it is dry. 
If the electrostatic pressure increases sufficiently, this lesistance 
is overcome, and the electncity springs off to an adjacent body 
with a sound, and m the form of a bright spark. In moist air the 
tension is small, for the electricity passes away almost as rapidly 
as it is produced, owing to the moisture condensing on the 
supports, which thus become good conductors of electricity. In 
very rarefied air, on the contrary, where there is little resistance, 
electricity passes off, presenting the appearance of a luminous 
glow. 

44 r. Influence of the shape of a body on the distribution of 
electricity. Electric density. Effect of points.—The manner in 
which electricity is distributed on the surface of a body varies with 
its shape. If it is a sphere, the charge is everywhere the same, as 
might indeed be predicted, and which may be readily confirmed by 
means of the 4roof nn>\ mi,:- - ’ 
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different parts of the electrified body, and, after each contact, is 
presented to an electroscope. If the body is a sphere the divergence 
Of the leaves is in each case the same, which shows that the disc has 
taken the same charge of electricity from each part of the sphere, 
and therefore that the distribution of the electricity is uniform. 

This is not the case if the electrified body is more or less 
elongated ; for instance, a kind of ovoid shape, as shown in fig. 
455. In this case the proof plane takes a greater charge the 
nearer it is applied to the elongated end, and at this end itself the 
charge removed is greatest. This variation in the quantity of 
electricity in various parts is spoken of as being due to vary¬ 
ing electric density , 
which is defined 
as the quantity of 
electricity on unit 
area. 

The electro¬ 
static pressure at 
any place (440) 
can be showti to 
be proportional to 
the square of the 
electric density in 
that place, and 
since the density is 
greatest at points, 
the electric pres¬ 
sure is also greatest there, and is sufficient to overcome the resist¬ 
ance of the air, and allow electricity to escape. It is, in fact, 
Observed that metal bodies provided with a point quickly lose 
their electricity, and if the hand be held over such a point, a sort 
of wind or draught is felt 455)- If this takes place in darkness, a 
kind of luminous brush appears on the top of the point, which is 
known as the brush discharge (fig. 478). 

The action of flames on electrified bodies is like that of ordi¬ 
nary points, but is more complete ; flames are, in fact, very acute 
points. ■ The readiest and most effectual method of depriving an 
electrified non-conductor of its charge of electricity is to pass the 
dame of a spirit lamp over its surface 

Thif property of points on electrified conductors, of allowing 
electricity to escape, has been called the power or property of 
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points ; and in electric experiments we meet with numerous instances 
in which it comes into play. The action of points has also a most 
important application in lightning conductors (484). 

The quantity of electricity which may be imparted to a conductor 
is limited. For as the charge increases the density increases, and 
therefore the electrostatic pressure (which varies as the square of the 
density) increases very rapidly, and presently overcomes the insulat¬ 
ing power of the air. When this limit is reached any further charge 
given to the conductor escapes into the air. 

442. Potential.—Instead of making the experiment with the 
proof plane in the manner described in the last article, let it be 
attached to one end of a long fine wire which is connected with an 
electroscope (438) at a considerable distance. If now the plane is 
placed in contact with the charged conductor (441), a certain diver¬ 
gence of the lea\ es is produced, which is a measure of the charge 
of electricity. And if the plane is in contact with any part of the 
ovoid the divergence of the leaves of the electroscope is the same, 
showing that the charge it receives is everywhere the same. This 
then is an experimental fact which our previous notions are insuf¬ 
ficient to explain ; it is different from either electric pressure or 
electric density. We require the introduction of a new conception, 
which is that of electrical potential. 

This may be defined as being a property in electricity which is 
analogous to that of temperature in heat or to that of difference of 
level m hydrostatics ; bodies at different potentials are analogous to 
bodies at different temperatures, or to liquids at different levels. 
If a body at one temperature is connected with a body at the same 
temperature there is no change, but if the temperatures are different 
a transfer of heat sets m and continues until both bodies are at the 
same temperature. In like manner, when the bodies at the same 
electric potential are connected, whatever their dimensions, there 
will be no passage of electricity from one to the other ; but if their 
potentials are different, then, w hen they are connected either directly 
or by the intervention of a wire, electricity will pass from the one 
at higher to the one at lower potential until their final potentials 
are the same ; this potential depending on the original charges and 
potentials of each of the bodies. 

The term ‘potential’ was originally introduced into electric 
science out of considerations arising from the mathematical treat¬ 
ment of the subject. Its use is justified by the clearness with which 
•it brines out 
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If we have an insulated metal sphere such as P or N in fig. 457, 
and this be charged, it will produce in its neighbourhood an electric 
field\ the strength of which diminishes as the distance from the 
sphere increases, until, at a certain distance, no electric effects are 
produced, or, at any rate, they are too feeble to be manifested in 
any way, and this would be the limit or boundary of the field. 

Suppose now we have a small insulated sphere, which will be 
called unit sphere, charged with the same kind of electricity as the 
large one, and at a distance which is great compared with the size 
of the sphere. If we move the sphere to any given point nearer 
the large one, we must do a certain amount of work on it against 
the repulsion of the two electric charges. We may then say that 
the work required to be done against electric forces in order to move 
unit of positive electricity from an infinite distance up to this point 
is called the potential at this point. 

If in the above case the sphere were charged with negative 
electricity, then, instead of its being needful to do work in order to 
bring a unit of positive electricity towards it, work would be done 
by electric attraction, and the potential of the point near the 
charged sphere would thus be negative. The potential at any 
point may also be said to be the work done against electric force 
in moving unit charge of negative electricity from that point to an 
infinite distance. 

The amount of work required to move the unit of positive 
electricity against electric force from any one position to any other, 
is equal to the excess of the electric potential of the second position 
over the electric potential of the first. This is, in effect, the same 
as has been said above, for at an infinite distance the potential is 
zero. Here it is immaterial along which path the unit charge is 
moved, whether by the shortest one or not ; just as, in the analogous 
case of moving a body against gravity, the work done only depends 
on the initial and final positions of the body moved. 

We cannot speak of potential in the abstract, any more 4 han we 
can speak of any particular height without at least some tasit 
reference to a Standard of level. Thus, if we say that such and 
such a place is 300 feet high, we usually imply that this is its height 
as measured ' from the level of the sea. So, too, we refer the 
longitude of a place to some definite meridian, such as that of 
Greenwich, either expressly or by implication. ■ > 

^hk* manner we cannot speak of the potential at any point 
’Bflfrf* an implied reference to a standard of potential. 
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This standard is usually the earth, which is taken as being at zero 
potential or the same as the potential at an infinite distance. If 
we speak of the potential at a given point, the difference between 
the potential at this point and the earth is meant. 

As water only flows from places at a higher to places at a lower 
level, so also electricity only passes from places at a higher to 
places at a lower potential, the direction being always such that 
the value of the potential tends to diminish. If an electrified body is 
placed in conducting communication with the earth, electricity will 
flow from the body to the earth, if the body is at a higher potential 
than the earth ; and from the earth to the body, if the body is at a 
lower potential. If the potential of a body is higher than that of the 
earth, it is said to have a positive potential; and if at a lower potential, 
a negative potential. A body charged with free negative electricity 
is at a lower potential than the earth; one charged with free 
positive electricity is at a higher potential. 

443. Electric capacity and charge.—The capacity of any con¬ 
ductor is measured by the quantity of electricity which it acquires 
when its electric potential is raised by unity. 

We may illustrate the relation between capacity and potential 
by reference to the analogous phenomenon of heat. In the inter¬ 
change of heat between bodies at different temperatures, the final 
result is that heat only passes from bodies of higher to bodies of 
lower temperature. So also electricity only passes from bodies of 
higher to bodies of lower potential. Potential is as regards elec¬ 
tricity what temperature is as regards heat, and might indeed be 
called electric temperature. We may have a small quantity of heat 
at a very high temperature. Thus a short thin wire heated to 
incandescence has a far higher heat potential, or temperature, than 
a bucket of warm w’ater, but the latter will have a far larger quantity 
of heat. A flash of lightning represents electricity at a very high 
potential, but the quantity is small. 

When the charge or quantity of electricity imparted to a body 
increases, the potential increases in the same ratio; so that, calling 
Q the quantity of electricity, C the capacity, and V the potential, 
we have Q - C V ; that is to say, the charge, or quantity of electricity 
that any body possesses, is the product of the potential into the 
capacity. Hence, with a given charge of electricity, Q, the greatei 
the capacity the lower is the potential, and the smaller the capacity 
the higher is the potential. 

While there is a close analogy between heat and electricity, as 





of a body for beat is influenced by the temperature, being greater 
at higher temperatures, while the capacity of a body for electricity 
does not depend on the potential. 

Calorific capacity is proportional to a specific coefficient which 
varies with the material, but is independent of the shape, while 
electric capacity vanes with the shape of the conductor but not 
with its material, provided electricity can moie freely over it 
Calorific capacity is unaffected by the proximity of other bodies, 
while electric capacity depends on the position and shape of adjacent 
conductors. 
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CHAPTER II 

ACTION OF ELECTRIFIED BODIES ON UNCHARGED BODIES ; 
INDUCED ELECTRICITY. ELECTRIC MACHINES 

444. Electricity by influence or induction.—A charged insulated 
conductor, since it produces an electric field all round it, acts on 
uncharged bodies placed near in a manner analogous to that of 
the action of a magnet on soft iron ; that is, to use the language of 
the two-fluid theory, it decomposes the neutral electricity, attract¬ 
ing the opposite, and repelling the like kind of electricity. The 



Fig. 456. 


action which is exerted not only through air, but also through instat 
lating substances like gutta-percha, glass, resin, etc., is said to take 
place by influeme or induction. 

The phenomena of induction may be demonstrated by means 
of the apparatus represented in fig. 456. On the left hand of the 
figure is the prime conductor of the electric machine, which, as 
we shall afterwards see, is usually charged with positive electricity; 
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oa the right is a brass cylinder, insulated by being placed on a glass 
support, and provided with small pith-ball pendulums, suspended 
by linen threads, which are conductors. When the cylinder is 
brought near the prime conductor, the pendulums are found to 
diverge. If a sealing-wax rod which has been rubbed with flannel 
is presented to the pendulum nearest the electric machine, it 
will be repelled, showing that it is charged with the same elec¬ 
tricity as the rubbed sealing-wax ; that is, with negative electricity. 
If in like manner a glass rod which has been rubbed with silk is 
brought near to the other end of the cylinder, the pendulum there 
is also repelled, which shows that it is charged with positive elec¬ 
tricity. The electricities thus produced are equal in quantity, for 
if the cylinder is removed the pendulums cease to diverge, since 
two electricities recombine, and the body is restored to the neutral 
state. The best way of testing the distribution of electricity on the 
cylinder is by means of a proof plane (430) and gold-leaf electro¬ 
scope. The proof plane is allowed to touch various parts of the 
cylinder, and becomes charged with the electricity which happens to 
exist at the part touched. The charge is then transferred to the 

electroscope and its sign 
examined by glass rod or 
sealing-wax. In this way 
we find that the positive 
and negative charges reside 
chiefly at the ends. Near 
the middle there is no charge 
at all. 

If another uncharged 
conductor, an insulated 
sphere for example, is 
brought near to the cylinder 
(fig. 456), it is influenced by 
the positive electricity at 
the end of the cylinder and 
becomes charged by induc¬ 
tion with negative on one 
side and positive on the 
other. 

The operation of induc¬ 
tion may also be illustrated by the experiment represented in fig. 
457, in which the glass cylinder, T, becomes positively electrified 
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by friction with the silk rubber, R. P and N are two copper spheres 
on insulating glass stems. If; while the two spheres are touching, the 
electrified cylinder is placed near them, the sphere nearest the glass 
becomes negatively electrified, and the further one is positively 
electrified, and if the spheres be separated, P will be found to 
have a free positive and N a free negative charge. These charges 
may be tested by a gold-leaf electroscope. 

This electrification by influence , or induction as it is called, which 
is produced by an electrified body on bodies in the neutral state, 
explains a host of phenomena. In order to explain all its effects, 
it is important to inquire what takes place when the insulated 
cylinder, in the above experiment, is placed for a short time in 
contact with the ground, while it is still under the influence of the 
machine. Suppose, for instance, the further end be placed in con¬ 
tact with the ground, the positive electricity will escape, while the 
negative remains, held by the attraction of the opposite electricity 
of the machine. If now connection with the ground be broken 
and the cylinder be moved away from the influence of the machine, 
the pendulums will diverge, and, as can be easily verified, owing to 
their being charged with negative electricity. Even if the end 
nearest the machine be connected with the ground, the result is still 
the same. The negative electricity does not pass into the ground ; 
it is the positive which still escapes ; the negative being attracted 
by the contrary electricity of the machine, on interrupting the 
communication with the earth, the cylinder remains charged with 
negative electricity. 

Light bodies, such as pith balls, are more easily attracted by an 
electrified body when they rest on a conducting support in con¬ 
nection with the ground than when they are on an insulator. 
For in the former case the repelled electricity escapes into the 
ground. 

Thus a body can be charged with electricity by induction as well 
as by conduction. But in the latter case the charging body loses 
part of its electricity, which remains unchanged in the former case. 
The electricity imparted by conduction is of the same kind as that 
of the electrified body, while that excited by induction is of the 
opposite kind. To impart electricity by conduction, the body must 
be quite insulated, while in the case of induction it must be in 
connection with the earth, at all events momentarily. 

The phenomena of induction, illustrated above by means of an 
insulated cylinder placed near the prime conductor of an electric 
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machine, may be further exhibited by a gold-leaf electroscope and 
a charged body such as an excited stick of shellac. The electro- 
snipe takes the place of the cylinder, and the experiment illustrates 
the way in which an electroscope is generally employed for the 
purpose of testing a charge. For example, let the shellac be 
rubbed with flannel and brought near to the cap of the electroscope. 
The leaves diverge with negative electricity, the cap being positive, 
and the divergence increases as the rod is brought nearer. With 
the shellac at a definite distance let the cap be momentarily earth- 
connected by being touched with the finger ; the negative electricity 
disappears, the leaves collapse, and the electroscope is at zero 
potential. Remove the shellac ; the leaves open again, this time 
with positive electricity, and the potential rises to some positive 
value. Thus, from the negatively charged shellac a free positive 
charge has, by induction, been communicated to the electroscope. 
To give the electroscope a negative charge from the same source 
a direct transfer is effected by means of a proof plane. Similarly, 
from a positively charged body—for instance, a glass rod rubbed 
with silk—either a negative or a positive charge may be com¬ 
municated to the electroscope : a negative charge by induction, 
a positive charge by the aid of the proof plane. 

There are many respects in which the phenomena of magnetic 
differ from those of electric induction. In magnetism, when the 
inducing body and that submitted to its action are placed in direct 
contact, there is no change except that the action is stronger, 
nor does the inducing magnet lose any of its strength. In elec¬ 
tricity, on the contrary, when the inducing and induced bodies are 
brought in contact, conduction takes place ; both bodies are charged 
with the same kind of electricity, which is shared between them in 
proportion to their capacities (443), and accordingly the inducing 
body loses someof its electricity. It is thus possible to obtain a body 
charged with one kind of electricity only ; while m magnetism we 
cannot perform the analogous operations—we cannot get detached 
unipolar magnets. Again, the magnetic induction is limited to a 
very small number of substances, virtually to iron, steel, nickel, and 
cobalt, while electric induction takes place in all substances. 

445. Faraday’s experiments. —The following experiments of 
Faraday, which are often known as ‘ the ice-pail experiments,’ from 
the vessels with which they were originally made, are of great 
importance. . 

X. A metal cylinder is placed on an insulating stand and charged 
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with, say, positive electricity. On testing with proof plane and 
electroscope we find that no part of the charge is inside the cylinder ; 
it is entirely on the outside and chiefly near the edges. If the 
charge is directly communicated to the inside, the result is the 
same—the charge does not stay there, but is found on testing to be 
entirely outside. 

3. The cylinder is again charged. One end of a fine wire is 
attached to the cap of the electroscope, and the other end to a glass 
rod in such a way that it can be made to touch any part, inside or 
outside, of the cylinder. When contact is made the leaves diverge, 
and the divergence is exactly the same whatever part of the 
cylinder be touched. This is expressed by saying that all parts of 
the cylinder are at the same potential. In the inside, where the 


electric density ( 441 ) is zero, the 
potential is the same as at the 
edges, where it has its maximum 
value. 

3. The cylinder is connected 
by a wire to the cap of the electro¬ 
scope. It is not charged. When 
a brass ball, A (fig. 458), insulated 
by a silk thread, is charged with, 
say, positive electricity and lowered 
into the cylinder, the leaves of the 
electroscope diverge, as can be 
shown, with positive electricity, and 
the divergence increases as the ball 
descends until a certain depth is 
attained, when there is no further 



increase. The divergence now re- Fig 4,8. 


mains constant whatever be the 


position of the ball, and when the inside and outside are tested 


with the proof plane they are found to be charged with negative 
and positive respectively. If the ball is withdrawn the leaves 
collapse and there is no electrification on the cylinder; the quan¬ 
tities of negative and positive electricity developed on the two 
surfaces were accordingly equal to each other. 

4. The ball charged with positive electricity is brought, as before, 
into the cylinder and is allowed to touch the inside ; there is no 


alteration, not even a momentary one, at the instant of contact, in 
the divergence of the leaves of the electroscope ; but if the ball is 
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withdrawn it will be found to be discharged, as is also the inside 
of the cylinder, while the outside is charged with positive electricity. 
The whole of the charge of the ball has been transferred to foe 
cylinder. We learn also from this experiment that foe charge 
induced by the ball is equal to the inducing charge, for if it were 
greater or less there would be some change in the divergence of the 
leaves at foe moment of contact. We further notice that, although 
there can be no free charge inside a conductor, there may be an 
induced charge. 

5. If, when A has been lowered to the position represented in 
fig. 458, the cap of the electroscope is momentarily touched, the 
leaves collapse, the positive electricity on the outside of C dis¬ 
appears, and the potential falls to zero. Inside C, however, the 
charges undergo no change, the positive on A and the negative on 
foe inner surface of C being equal to each other. If A is with¬ 
drawn, the negative passes to the outside of C, and the leaves 
diverge to the same extent as before, proving that the potential is 
now as much below zero as it was before above. If A touches C 
the whole system is discharged. 

Faraday’s cylinder furnishes an excellent means of proving that 
foe quantities of opposite kinds of electricity produced when bodies 
are rubbed together are equal ; for if the rod and cap in fig. 448 
are placed in the cylinder after being rubbed, no divergence of 
the leaves is produced. Nor is there any if both cap and rod are 
simultaneously in the cylinder, not touching each other, and this is 
the case in whatever position they are placed in the cylinder. If 
either of them, however, is withdrawn, the leaves of the electro¬ 
scope at once diverge, and, as may easily be shown, with the same 
electricity as that of the body left in the cylinder, but the divergence 
ceases when the other is brought back into the cylinder. Which¬ 
ever be removed, the extent of the divergence of the leaves is the 
same, although the electricities are different. 

446. Ramsden’s electric machine.—The first electric machine 
was invented by Otto von Guericke, the inventor also of foe 
air-pump ( 148 ). It consisted of a sphere of sulphur, which was 
turned on an axis by means of one hand, while the other hand, 
pressing against it, served as a rubber. Resin was afterwards 
substituted for foe sulphur, which in turn Hawksbee replaced by 
a glass cylinder. In all these cases the hand served as rubber 
(fig. 475 ); and Winckler, in 1740, first introduced cushions of 
horsehair covered with silk as rubbers. At the same time Bose 
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collected the electricity excited on the glass by friction, by means 
of an insulated cylinder of tin plate. Lastly, Ramsden, in 1760, 
replaced the glass cylinder by a circular glass plate, which was 
rubbed by cushions. The present form of the machine is but a 
modification of Ramsden’s, 



fig 459- 


Between two wooden supports (fig. 459), a circular glass plate, 
P, about a yard in diameter, is suspended by an axis passing 
through the centre, and turned by means of a glass handle. 
The plate revolves between two sets of cushions or rubbers, of 
leather or of silk, one set above the axis and one below, which, by 
mean* of screws, can be pressed as tightly against the glass as may 
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be desired, by which means the plate becomes electrified on both 
sides. In front of the {date also are two brass rods, provided with 
a series of points in the sides opposite the glass ; these rods are 
fixed to two large metal cylinders, A A, which form the prime con¬ 
ductor. The cylinders are insulated by glass supports, and are 
connected with each other by a smaller rod. 

The action of the machine is thus explained. By friction with 
the rubbers, the glass becomes positively, and the rubbers nega¬ 
tively, electrified. If the rubbers were insulated, they would 
receive a certain charge of negative electricity which it would be 
impossible to exceed, for the tendency of the opposed electricities 
to reunite would be equal to the power of the friction to decompose 
the neutral fluid. But the rubbers communicate with the ground 
By means of bands of tinfoil, fixed to the supports not shown in 
the figure, and consequently, as fast as the negative electricity is 
generated, it passes off. The positive electricity of the glass acts 
then by induction on the conductor, attracting the negative elec¬ 
tricity and repelling an equal quantity of positive. The negative 
electricity is discharged by the points upon the glass plate, and 
the prime conductor remains charged with positive. 

As thus described, the electnc machine yields only positive 
electricity; it may, however, be arranged so as to give negative 
electricity. For this purpose the feet of the table are insulated by 
being placed on thick slabs of resin, of glass, of gutta-percha, or of 
sulphur, and the conductors are connected with the ground by a 
metallic chain. This allows the electricity of the positive conductors 
to escape, while the negative electricity of the rubbers accumulates 
on the supports and on the bands of tinfoil. 

447. Quadrant electroscope. —The electric condition of the prime 
conductor is indicated by the quadrant electroscope , commonly 
called Henley’s electrometer , which is represented in fig. 459 
attached to the conductor. This is a small electric pendulum, 
consisting of a brass rod, to which is attached an ivory or card¬ 
board scale (fig. 460). In the centre of this is a small straw index, 
movable on an axis, and terminating in a pith ball. Being attached 
to the conductor, the index rises as the machine is charged, ceasing 
to rise when the limit is attained. When the rotation is discon¬ 
tinued the index fells rapidly if the air is moist; but in dry air it 
only fells slowly, showing, therefore, that the loss of electricity in 
the latter case is less than in the former. 

Hence, in moist weather experiments with the electric machine 
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are difficult to perform. All parts of the apparatus must be care¬ 
fully wanned by an open fire, and the supports and plate must be 
rubbed with hot cloths. It is, indeed, by the supports that the 
greater part of the electricity is lost 

The rubbers are commonly made of leather stuffed with horse¬ 
hair. Before use they are coated either with powdered aurum 
musivum (tin sulphide) or amalgam. The action of these sub¬ 
stances is not very clearly understood. Some consider that it 
merely consists in promoting friction. Others, again, believe that 
a chemical action is produced, and assign, in support of this view, 
the peculiar smell noticed near the rubbers when the machine is 




Fig. 460. 


worked. Amalgams, perhaps, promote most powerfully the dis¬ 
engagement of electricity. Kienmayer’s amalgam is the best of 
them ; it consists of 1 part of tin, 1 of zinc, and 6 of mercury. 

Whatever precautions be taken to avoid the loss of electricity, 
or however rapidly the machine be turned, it is impossible to ex¬ 
ceed a_certain limit of charge and potential of the prime conductor. 
For, as the electricity accumulates, its density at any point and 
hence the electrostatic pressure increase too, and very soon its 
tendency to escape exceeds the resistance offered by the air and 
the supports of the conductors. From this moment the loss of 
electricity equals the production, and hence the potential can nevel 
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exceed a certain limit, which is indicated by the electrometer 
remaining stationary, although the rotation is continued. 

If, moreover, the maximum effect is desired, the machine must 
not be placed too near walls or furniture on which there are sharp 
points. Thus, if a point or the flame of a candle be presented to 
the prime conductor of a machine m action, as represented in fig. 
460, the electrometer index falls, even though the point is at some 
distance. This is due to the fact that the positive electricity of the 
machine induces negative m the point, repelling positive through 
the body into the earth ; the negative flows out through the point 
as fast as it is produced, and, combining with the positive electricity 
on the prime conductor by means of which it was evoked, con¬ 
tinually tends to bring the machine back to the neutral state. 

448. Electrophorus.—This is a very simple apparatus invented 
by Volta, by means of which considerable quantities of electricity 

may be produced It 
consists of a cake of 
resin (fig 461), of 
about twelve inches 
diameter and an inch 
thick, which is placed 
on a metal surface, or 
very frequently fits in 
a wooden mould lined 
with tinfoil, which is 
called the form Be¬ 
sides this, there is a 
brass disc, of a dia¬ 
meter somewhat less 
Fig 461. than that of the cake, 

provided with an in¬ 
sulating glass handle. This is called the cover. The mode 
of working this apparatus is as followsAll the parts of the 
apparatus having been well warmed, the cake, which is placed in 
the form. Or rests on a metal surface, is briskly flapped with a cat- 
skin, as shown in fig. 461, by which it becomes charged with 
negative electricity. The cover held by the insulating handle is 
then placed on the cake. The negative electricity of the cake, 
acting thus inductively on the cover, attracts positive electricity to 
the tower surface, and repels negative to the upper (fig. 462). It 
also attracts positive electricity to the upper side of the ;base, 





ms\ EUctrepkoms 54S 

repelling negative to the ground. If now the upper surface of the 
cover be touched by the finger, as shown in fig. 463, the negative 
electricity passes out into the ground, and the disc only retains 
positive electricity. Now, when the cover is raised by one hand 
by means of the insulating handle, and the other hand is brought 
near it, a smart spark passes, due to the 
recombination of the positive of the disc 
with the negative produced by its induc- 
, tion in the hand (fig. 464). 

It was by induction that the cover 
became electrified, and not by any transfer 
of electricity ; for if the cover be put down 
on the cake and raised again without being 
earth-connected, it will carry away no 
charge, Hence the operation may be re¬ 
peated any number of times, and a succession of sparks obtained. 
The retention of electricity is greatly promoted by keeping the cake 
in the form, and placing the cover upon it. I nstead of a cake of resin, 
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a disc of gutta-percha or vulcanite may be used, and of course, if 
any non-conducting-material which becomes positively electrified 
by friction be used as a cake, the cover acquires the negative charge, 

H N 



Fig. 46s. 
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449. Induction or influence machines. Wimshursfs machine.— 
Several electric machines have of late been devised, in which the 
electricity is not continuously produced by friction, but where an 
initial charge is imparted as m the electrophoras, and this, by a 
process of continuous inductive action, goes on accumulating until 
very powerful effects are obtained. Such apparatus are known as 
induction or influence machines . 
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One of the most efficient of all these machines is that of 
Wimshurst It consists (fig 465) of two circular glass discs 
mounted ran a fixed horizontal spindle m such a way as to be 
notated in opposite directions at a fixed distance of not more than 
, a quarter of an inch apart Both discs are well varnished, and 
pittadied to She outer surface of each are narrow radial sectors of 
or brass arranged at equal angular distances apart 
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!n the front, attached to the fixed spindle on which the discs 
rotate, is a bent conducting rod, at the ends of which are fine wire 
brashes ; twice during each revolution two diametrically opposite 
conductors are put in connection with each other by means of this 
conductor, as they just graze the tips of the brashes. At the back 
is a similar conducting rod at right angles to that in front, and 
there is a position of maximum efficiency, which is when they make 
an angle of 45 0 with the fixed collectors. 

There are two forks provided with combs directed towards 
each other, and towards the two discs which rotate between them ; 
they are connected with the inner coatings of Leyden jars (465), to 
which are also attached the terminal electrodes or dischargers, the 
distance apart of which can be varied by turning the Leyden jars 
from which they rise. 

The machine is self-exciting, and requires neither friction nor 
the spark from any outside exciter to start it. This is one of the 
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most remarkable features of this machine, that under ordinary 
conditions it attains its full power after the second or third turn of 
the handle. The initial electrification is probably obtained from 
chance variations of atmospheric electricity, or from the frictional 
resistance between brush and sector. 

With a machine having plates 17 inches in diameter, a power¬ 
ful and regular succession of sparks passes between the two 
electrodes when they are four to five inches apart, at the rate of 
two or three for every turn of the handle. 

A large machine of this kind which has a plate 7 feet in diameter 
is calculated to give sparks between terminals 2 feet 6 inches 
apart, but as yet no Leyden jars (465) have been found that can 
stand the charge, and batteries that have successfully faced all the 
great historic machines give way before the enormous tension, and 
are pierced. 


n n a 
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By increasing the number of plates still more powerful effects 
we produced. With a machine with twelve plates thirty indies in 
diameter, the sparks represented in fig. 466 were obtained. 

It is not easy to give a satisfactory simple explanation of the 
action of the machine. Its inventor considers that its remarkable 
efficiency may be partly due to the duplex action of the apparatus* 
both plates being active and contributing electricity to the collecting 
combs, the sector-shaped plates of brass acting as inductors when 
in their position of lowest efficiency as earners, and as carriers 
when in the positions at which their inductive effect is at a 
minimum ; and as it follows, from the construction of the instru¬ 
ment, that the inductors of the one disc are at a position of 
highest efficiency when those of the other are at their lowest, and 
Vice versd, and as this applies with equal force to the sectors when 
considered as earners, it also follows that the charging of the 
electrodes, and therefore the discharge between them, is, by mutual 
compensation, maintained constant. 

450. Doubters.—The duplicating action of such machines may 
peihaps be rendered more comprehensible by the apparatus repre¬ 



sented in fig. 467, of which the lower part shows the plan. A and 
B are hollow metal cylinders partially open, fixed on insulating 
supports stout glass tube turned by a handle, and through it 
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passes a copper wire, e, having at the ends cork cylinders, d v d. B 
covered with tinfoil which is in connection with t. Inside B is 
a hank of cotton yam, as there is also in the insulated cylinder C ; 
this is connected with the knob, k„ as B is with k x . 

A is charged positively s d, when inside, but not touching 
it, is acted on by induction, and the repelled positive at d t is 
neutralised by the points of the yam, and B remains charged with 
positive electricity ; d, passing next through the hollow cylinder C 
gives up its charge of negative electricity by contact with the yam. 

On further turning, d t and d 2 change their functions, but the 
same process is repeated, and we thus obtain another charge of the 
conductors B and C and so forth. In dry air a continuous series 
of sparks passes between k l and k 2 as long as the machine is 
turned. The cylinder A retains its constant charge of positive 
electricity, and the production of the electricity takes place by 
influence at the cost of the work required to overcome the attraction 
between A and the cylinder which is leaving it, and the repulsion 
between B and the cylinder which is approaching it. 

The name doubler has been given to this and similar apparatus. 
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CHAPTER III 
ELECTRIC EXPERIMENTS 

451. Electric spark.—One of the first experiments made 
by those who see an electric machine at work for the first time 
is that of taking from it an electric spark by bringing the hand 
hear the conductor. The positive electricity of the conductor 



acting inductively on the neutral electricity of the body repels the 
positive and attracts the negative. When the difference of poten¬ 
tial of the-opposed electricities is sufficiently great to overcome the 
resistance of the air, they re-combine, with a smart crack and a 
spark. The npark is instantaneous, and is accompanied by a sharp 
prickly s^gpj&tion, inore especially with a powerful machine. It* 
When it strikes at a short distance, h is rectilinear, 
fig. 468, Beyond two or three inches in length the 
; irregular, and has the form of a sinuous curve with 
469). 
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45 *. Insulating stool.—A spark may be taken from the human 
body by the aid of the insulating stool, which is simply a low stool 
with stout varnished glass legs. The person standing on this 
stool touches the prime conductor, and, as the body is a good 
conductor, the electricity is distributed over its surface as over an 
ordinary insulated metallic conductor. The hair 1 stands on end ’ in 
consequence of repulsion, a peculiar sensation is felt on the face, 
and if another person, standing on the ground, presents his hand 
to any part of the body, a smart crack, with a pricking sensation, is 
produced. If paper tassels are held in the hand, they diverge 
widely. Instead of such a stool, a sheet of india-rubber cloth may 
be used. If a person standing on an insulated stool is struck with 
flannel or with silk, or is brushed with a clothes-brush by one 
standing on the ground, the former becomes electrified ; and if he 
touches a gold-leaf electroscope the leaves diverge, and, as may 
be shown, with negative electricity. 

453, Electric chimes. —The eleclric cfames is a bell-work which 
is worked by electric attraction and repulsion. It consists 
of three metal bells suspended 
from a horizontal rod, rn, which 
is connected with the electric 
machine (fig. 470}. The two 
bells, 6 and c, are suspended by 
light metal chains ; the middle 
one is suspended by silk, and is, 
moreover, connected with the 
ground by a chain. Between 
the bells are two small brass 
balls, suspended by silk threads. 

When the machine is worked 
these small brass balls are 
attracted by the electricity which 
passes by conduction to the bells b and c, and strike against them ; 
but being at once repelled, they strike against the middle bell, to 
which they give up their electricity, which thus passes into the 
ground. They are then again attracted, again repelled, and so the 
bells continue to ring as long as the electric machine is worked. 

454. Dancing poppets.—This, like the chimes, is an application 
of the attractions and repulsions of electrified bodies. It consists 
in placing a small, very light figure of pith, loaded at the feet, 
between two metal discs, one connected with the ground and the 
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Other with die electric machine {fig. 471). As soon as this latter 
becomes charged, the small puppet is successively attracted and 
repelled from one to the other disc, as if it executed of its own 
proper action a series of jumps. 

With this we may mention the experiment of the electric hail, 
which was originally devised by Volta for the purpose of illustrating 
what he supposed to be the motion of hail between two clouds 
Oppositely electrified. It consists of a glass cylinder (fig. 472), with 
a metal base, in connection with the earth, on which are some pith 
^ balls. The cylinder has a metal 

4 p “ top, which is connected by a 
m 1 wire with the prime conductor. 

- -a When the machine is worked, 

n *• h ^ 



electrified, attracts the light pith balls, which are then imme¬ 
diately repelled, and, having lost their charge of positive elec¬ 
tricity by being put to earth, are again attracted, again repelled, 
ahd so on, as long as the machine continues to be worked. 

455. Electric whirl or vane.—The electric whirl or vane con¬ 
sists of four to six wires, terminating in points, all bent in the 


-same direction, and fixed in a central cap which rotates on a pivot 
(fig. 473). When the apparatus is placed on the conductor, and 
the machine is worked, the whirl begins to revolve in a direction 
opposite that of the points. This motion is analogous to that of 
the hydraulic tourniquet (88), but, unlike that, it is not caused by a 
flow of material fluid, but is due to a repulsion between the elec¬ 


tricity of the .points and that which they directly impart to the air 
by eonducdom The electricity, being accumulated on the points, 
where ,die|electric density and hence the electrostatic pressures 
fffgr large, passes into the adjacent air, and, thus imparting 
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to, it A charge of electricity, repels this electricity, while it is itself 
repelled. That this is the case is evident from the fact that, on 
approaching the hand to the 
whirl while in motion, a slight 
draught is felt, due to the 
movement of the electrified air; 
while irt vacua the apparatus 
does not act at alL This draught 
or wind is known as the electric 
aura. The escape of electricity 
in this way is analogous to the 
manner in which heat is trans¬ 
mitted in liquids (236), and is 
sometimes known as electric con¬ 
vection. 

When the electricity thus 
escapes by a point, not only is the 
electrified air repelled so strongly 
as to be perceptible to the hand, 
but the current is strong enough 
to blow out a candle (fig. 474.). 

The same effect is produced by placing a taper on the conductor, 
and bringing near it a pointed wire held m the hand (fig. 475). 
The current arises, in this case, from the contrary electricity 




f ig. 474. 



Fig- 475 - 


whtch is withdrawn through the point under the influence of the 
machine. 

It is pretty certain that in these experiments it is not the air 
itself, but the particles in it, whether of dust or of moisture, which 



oecotne electrified. This may be illustrated by the following simple 
experiment. A glass jar is filled with dense smoke of turpentine or 
petroleum or of sal-ammoniac through the tube c (fig, 476), and the 
bared end of a gutta-percha-covered wire is held in it while the 
other end is connected with an electric machine. On giving two 
or three turns to the machine the smoke is rapidly deposited, and 
the inside becomes quite clear. Here the smoke consists of solid 
particles, which become polarised by induction and attract each 
other. They thereby become agglomerated, and fall to the bottom 
of the globe. Similarly air may be freed from ordinary dust. If 
air is freed from dust by such means or by filtration, it takes little 
py no charge from an electrified point. A flame acts like a point, 
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but in a far higher degree, owing to the conducting vapours which 
rise from it, and act like a host of fine points. A column of smoke 
acts similarly. 


The electric orrery and the electric inclined plane are analogous 
to these pieces of apparatus. 

If a Small metal vessel containing water, having minute aper¬ 
tures through which it issues in drops (fig. 477), be suspended by 


a wire to the prime conductor, the water issues in jets when the 
vessel is .electrified by working the machine, in consequence of the 
repu^sifet' between the electrified vessel and the issuing water, 
ujwd h Is -electrified also. 

a trite, Sbotrt £ to j of an inch in diameter, and rounded at 
Isfe-end,^, jda&d. on the conductor of the electric machine, which 
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is worked in a dark room, the electricity in streaming out illumi¬ 
nates the air, and a kind of luminous brush appears oh the top 
of the point This is known as 
the brush discharge (fig. 478). 

It is remarkable that the 
form of the brush discharge 
differs with the kind of electricity 
with which the conductor is 
charged ; it is larger with posi¬ 
tive than with negative elec¬ 
tricity. With the latter the 
discharge has more the shape 
of a luminous star, or a steady 
glow, which is called the glow 
discharge. 

It appears from other experiments also that there is a difference 
in the facility with which the two electricities discharge. Faraday 
made a pair of exactly similar forked 
discharging rods (fig. 479), the ends of 
which were provided with knobs of un¬ 
equal sue, £K, and K. Each pair being 
at exactly the same distance from each 
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other, it was found that when the fork II was positive the discharge 
was between k and K, while it was between k x and K, when the 
fork I was positive j the striking-distance was always greater when 
the-small knob was positive and the large one negative. 

Here also may be mentioned an experiment which shows a 
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between the two electricities, and also indicates a 
•connection between light and electricity. A polished sine disc 
(6g-48o) is attached to an electroscope and charged with positive 
electricity, so that there is a considerable divergence of the leaves. 
If now die disc is exposed to the direct action of the sun’s rays, or 
to the light from a clear blue sky, the divergence of the leaves is 
not appreciably lessened ; but if the experiment is repeated with 
st charge to the same extent of negative electricity, the leaves at 
once begin to fall together, and in about a minute the whole charge 
has escaped. The effect does not occur in 
the dark, and it is diminished if the sun’s 
rays before falling on the disc have pre¬ 
viously passed through a glass plate. 

The same effect as that of sunlight is 
also produced by burning magnesium ribbon 
at a distance of a few inches from the electro¬ 
scope. It is due to violet and ultra-violet 
rays (373), most of which are absorbed by 
glass. No appreciable effect is produced if 
the charge is positive. 

456. Electric egg.—The influence of the 
pressure of the air, or rather of its non- 
conductivity, on the electric light may be 
studied by means of the electric egg. This 
consists of an ellipsoidal glass vessel (fig. 

_ 481), with metal caps at each end. The 

m lower cap is provided with a stopcock, so 
that it can be screwed into an air-pump, and 
I M also into a heavy metal base. The upper 

* metal rod moves up and down in a leather 

Fig. 481. stuffing-box ; the lower one is fixed to" the 

cap. The air in the vessel having been exhausted, the stopcock is 
turned, and the vessel screwed into its base ; the upper part is then 
connected with a powerful electric machine, and the lower one 
with th* ground. When the machine is worked the globe becomes 
filled with a feint violet light continuous from one end to the other, 
jngsalttojg from the recomposition of the positive electricity of the 
ttfljtor Cfcp with the negative of the lower. If the air be gradually 
allowed' to enter, by opening the stopcock, the resistance increases, 
and the light, which appeared continuous and brilliant, is now only 



*57- Magic pane.—The magic pane consists of a glass plate, 
one side of which is covered with several strips of tinfoil, arranged 
so as to form a series of metal bands, parallel and close to each 
other. The pane is supported vertically by two glass rods, and 
the upper end of the tinfoil is connected with the electric machine 
by a conductor, and the lower one with the ground by a chain. 
In this condition, if the machine is worked, the electricity will 
pass into the ground by the tinfoil, without any interruption ; but 
if a series of breaks are made in the tinfoil by cutting it away with 
a penknife, a spark appears at each break ; and if these breaks are 
so arranged as to represent a given object—a flower or a monu¬ 
ment or words—this object is reproduced in a line of fire when 
the electric machine is set to work. The explanation of this ex¬ 
periment is really to be referred to the prodigious velocity of light 
which is not less than about 186,000 miles in a second ; hence in 
the above experiment, although the sparks are really successive, 
they follow each other with such rapidity as to seem simultaneous 
and continuous (378). 

458. Luminous globe and tube.—The luminous globe is a glass 
globe lined on the inside with a series of small lozenges of tinfoil 



Fig. 462 


placed very near each other without actually touching. The first 
plate is connected with an electric machine at work, and the last 
with the ground, upon which a series of bright sparks appears at 
each break in the metallic conductor. 

If the small metal plates are arranged inside a glass tube in the 
form of a spiral from one end to the other, this arrangement forms 
a luminous tube , sometimes called the electric serpent (fig. 482). 

Metal and glass beads threaded alternately on a silk thread 
render it possible to construct readily names which are luminous 
as long as the discharge from a machine is passed through them. 

459 - Volta’s cannon. —This is not merely interesting as an 
experiment, but also as demonstrating an important fact—namely, 
that the electric spark can establish chemical action. Thus, water 
is formed of two gases, hydrogen and oxygen, in the ratio of one 
volume of the latter to two volumes of the former. Now, when an 
electric spark is passed through a mixture of these two gases, 
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Aey combine in these proportions, and form water. This mm, 
bination is, moreover, attended by a bright flash of light and a lend 
report, the latter being due to the expansive force of aqueous vapour, 
arising from the high temperature produced by the combination. 

Voltcts cannon is an illustration of this property which some 
mixtures of gases have of being exploded by the electric spark. 
It is a small brass cannon, resting on an insulating support In 
the touchhole is a small glass tube, and in this a brass wire with a 
small knob at each end (fig. 483); one of which knobs is on the 
outside, and the other very near, but not touching, 
the inside face of the cannon. When the cannon 
has been filled with a mixture of two volumes of 
hydrogen and one of oxygen, it is closed by a cork 
and is connected with the ground by a metal chain. 
If then the charged disc of the electrophorus is 
brought near, a spark passes to the small knob, 
and at the same time another inside the cannon. 
This latter causes the two gases to combine with a 
violent explosion which drives out the cork. Instead of hydrogen 
and oxygen, a mixture of coal gas and air may be used. 
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CHAPTER IV 

CONDENSATION OF ELECTRICITY 

460. The Leyden jar.— In 1745 Cunseus, of Leyden, wishing 
to electrify water contained in a flask, suspended to the con¬ 
ductor of an electric machine a wire, and then held the flask 
in one hand so that the wire just dipped in the water (fig. 484). 
The machine having been worked for some time, he accidentally 
touched the conductor, and in so doing received a violent shock. 
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Muschenbroeck, his teacher, who repeated the experiment, received 
in the arms and breast a shock so violent that it was two days 
before he recovered from its effects ; and, writing to his friend 
Rdaumur, he said he would not repeat the experiment for the whole 
kingdom of France. 

In the previous year, Kleist, a German clergyman, in a private 
letter to a friend, described an experiment which he had made, and 






Which was subntantiafiy the same as the above; but it was the 
Dutch philosophers who investigated the conditions of success, and 
who gave the explanation of the phenomenon; and accordingly it 
is in their honour that the name Leyden jar is given to the appa¬ 
ratus to which their discovery gave rise. 

461. Electric condenser.—It is not difficult to see that in the 
above experiments the water and the hand play the pari of two 
conductors separated by the insulating glass ; any arrangement in 
which these conditions are fulfilled would produce similar effects, 
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fur it would have the power of accumulating or condensing elec¬ 
tricity, from which has been derived the term accumUiator or 
condenser. 

Thje action of the condenser may be conveniently illustrated by 
reference to that of Epinus (fig. 485), which consists of two metal 
plates,A and B, insulated by being supported on glass legs. Between 
them ts a plate erf glass or other solid insulator, and all these can 
fae moved along a horizontal bar and fixed in any position. 

' ,r- If the insulated metal plate B is connected with the prime con¬ 
ductor of an electric machine which we w ill suppose gives when 
Worked a small hut constant supply of electricity, it will ac^m 1 * t5ie 
of the machine, and the pith ball on B will be repelled to 








Slow Discharge and Instantaneous Discharge 561 

an -extent indicating this potential. If now connection with the 
machine is broken and the second plate A is brought near the first, 
the divergence of the pith ball on B is less, showing that the poten¬ 
tial has fallen, while that on A diverges further. If the plate A is 
moved away, A’s pith ball falls and B’s rises to its original amount, 
indicating that B has acquired its original potential 

On now connecting the plate B with the prime conductor, while 
A is near it the machine must be worked some time before the 
divergence of the pith balls indicates that the plate has again 
acquired the potential of the machine. At this point equilibrium 
is established, and a limit to the charge is attained which cannot 
be exceeded, for the potential of B cannot rise above that of the 
machine. The effects described are more marked if the plate A is 
put to earth, and if the dielectric separating the two is a solid, 
such as glass or ebonite. 

It follows from this series of experiments that the presence of 
the second plate has enabled the first one to take a greater charge 
of electricity than when it is alone—in other words, has increased 
the capacity (443) of the first plate. This is what is called the con¬ 
densation or accumulation of electricity, and any arrangement in 
which one conductor, placed in connection with a source of elec¬ 
tricity, is separated by an insulator from a second conductor in 
conducting communication with the earth, is called a condenser , the 
former plate being the collecting, and the other the condensing plate. 
The two plates are also called the armatures or coatings of the 
condenser. 

In however varied a manner these conditions are fulfilled, we 
have a condenser. Thus, when an electric machine is at work, 
and the knuckle is held at a certain distance from the prime con¬ 
ductor, sparks pass across with a frequency which, with the same 
rate of working the machine, depends on the distance. Here, in 
every stage of the working, electricity is being continuously pro¬ 
duced ; but only when it has sufficiently accumulated can it dis¬ 
charge across the layer of air between it and the knuckle. Here 
the prime conductor is the source of electricity, the layer of air is 
the dielectric, and the knuckle is the conductor in connection with 
the earth. 

462. Slow discharge and instantaneous discharge- —While the 
plates A and B are separated only by the glass plate C (fig. 485), 
and the connections interrupted, the condenser may be discharged 
either by a slow or by an instantaneous discharge, To discharge 

QQ 
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it slowly, the plate B is touched with the finger and a spark passes. 
If A be now touched, a spark passes, and so on by contip u { n g- to 
touch alternately the two plates. The discharge only takt, s pi ace 
slowly ; in very dry air it may require several hours. 

An instantaneous discharge may be effected by mean^ Q f the 
discharging rod or discharging tongs (fig. 488). This cor ls j s t s 0 f 
two bent brass rods, terminating in knobs, joined by a hh,g e jf 
this is held in the hand as represented in fig. 488, and one knob be 
applied to one plate of the condenser while the arc is bent, so that 
the second touches the other plate, just before contact a spark 
passes, which is due to the reunion of the two electricities Accumu¬ 
lated in the condenser ; no shock is felt, for the recomljj na ti 0 n 
* e 



does not take place through the arms and body of the experi¬ 
menter, but through the metal arc, which is a far better con<j uc t or . 

463, Amount of the charge of condensers.—The quantity of 
electricity which can be accumulated in a condenser depenq 5 upon 
the electric potential of the prime conductor of the machine, and 
<m the capacity of the condenser. The latter varies directly as 
the area of the plates, and inversely as the distance between them. 
There is another circumstance which influences the capacity of a 
condenser, and that is the nature of the insulator, or what j s also 
called the dielectric, itself. 

Two causes limit the quantity of electricity which can be accu¬ 
mulated. First, that the potential of the collecting plate gradually 
increases, and ultimately equals that of the machine, which 
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cannot, therefore, impart any more electricity, for electricity will 
only pass from a place at higher to a place at lower potential. 
The second cause is the imperfect resistance which the insulating 
plate offers to the recombination of the two opposite electricities ; 
for when the force which impels the two electricities to recombine 
exceeds the resistance offered by the insulating plate, it is per¬ 
forated and the contrary electricities unite. 

The effect of charging the condenser is to put the dielectric in 
a state of mechanical strain from which it is always trying to release 
itself. The potential energy of this strain is the equivalent of the 
work done in charging the condenser. When the strain exceeds a 
certain limit, a discharge takes place through the mass of the 
dielectric, generally accompanied by light and sound, and with a 
temporary or permanent rupture of the dielectric according as it is 
fluid or solid. This is analogous to what takes place when a sub¬ 
stance—glass, for instance—is exposed to a continually increasing 
weight ; a point is ultimately reached at which the glass gives 
way, and the weight at that point is a measure of the resistance to 
fracture of the glass. In like manner, the difference of potential 
at which the electric discharge takes place is a measure of the 
electric strength of the dielectric. This dielectric strength is 
greater in glass than in air, and in dense than in rarefied air. 

464. Specific inductive capacity. Dielectric constant— 
Faraday made the very important discovery that the insulator 
in a condenser does not play the merely passive part of separating 
the armatures or coatings (461), but has an essential influence on 
the condensation of electricity. Insulators differ in the facility 
with which they allow inductive actions to take place in them, a 
property which is not the same as insulation. Thus, if a condenser 
be formed in which the plates or armatures are separated by a 
layer of air, and another with metal plates of the same area separated 
by a plate of paraffin of the same thickness, it will be found that, 
with the same source of electricity, twice as much is condensed 
in the latter as in the former ; or, what is the same thing, if the 
paraffin were twice as thick as the air, that is, the plates were 
at twice the distance apart, it would condense as much electricity 
as the air condenser. 

In this sense Faraday spoke of insulators as dielectrics , and he 
applied the term specific inductive capacity to express the varying 
extent to which they allow inductive actions to take place through 
them. The specific inductive capacity, or, as it is also called, 

o o 2 
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tie dielectric constant of a substance, is the ratio of the charge 
which a condenser of that substance can acquire compared with 
that of a condenser, of the same dimensions, in which air is the 
dielectric, the difference of potential between the plates in each 
case being the same. 

The following are the dielectric constants of some substances 
compared with air as unity :— 


Air. 

Paraffin . 

Petroleum 

Turpentine 


i -oo Glass . 

2-oo Ebonite 

2-05 Sulphur 

2-30 Ether . 


3-16 

3 - 23 
3’84 

4- 56 


t Electrification was formerly supposed to be a property of 
conductors, not merely in condensers, but in the case of all its 
manifestations, and the space between the conductors was 
regarded as merely passive. Faraday’s discovery was of far- 
reaching importance ; it has led to a complete revolution of pre¬ 
vious conceptions as to electricity ; we are to look for the seat of 
electrification in the dielectric itself and not m the conductor. 

If a positively charged body be placed near a disc of sulphur, the 
latter is electrified by induction, like a conductor, negatively on the 
anterior and positively on the posterior side. It may be assumed 
that by induction the individual molecules are electrified negatively 
on the anterior and positively on the posterior faces ; in the interior 
of the insulator each positive is neutralised by the negative on the 
next molecule, so that only on the surface layers does electricity show 
itself. This process Faraday calls dielectric polarisation. 

An experiment by Matteucci may be cited in support of it. 
He placed several thin plates of mica dose together, and pro¬ 
vided the outside ones with metallic coatings. Having electrified 
the system, the coatings were removed by insulating handles, and 
on examining the plates of mica successively, each was found 
charged with positive electricity on one side and negative electricity 
on the other. 

Faraday’s ideas, developed theoretically by Maxwell, have of 
late received remarkable confirmation from the experiments of 
Hertz. *They reveal the dose connection between light, radiant 
heat, and electricity, and they show that light waves, heat waves, 
and electric waves travel with the same velocity, and differ only > n 
respect' of the rate of vibration of the particles of the medium 
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By means of apparatus of suitable dimensions Hertz succeeded 
in reproducing ail the ordinary phenomena of light, reflection, re¬ 
fraction, etc., by means of electric waves. 

The new views will ultimately lead to a complete recasting of 
our conceptions of electricity and of the mode of presenting them. 
They have not, however, as yet been so far worked out in detail as 
to be suited for elementary instruction. 

465. Leyden jar.—The ordinary form of the Leyden jar (460) 
or flask consists of a glass bottle with a wide mouth, coated 
inside and outside with tinfoil up to a certain distance from 
the bottom. The neck is provided with a stopper of hard-baked 
wood, through which passes a brass rod, which terminates at 
one end in a knob, and communicates with the tinfoil in the 
interior. The metallic coatings are called respectively the internal 



and external armatures or coatings. Like any other form of 
condenser, the jar is charged by connecting one of the armatures 
with the ground and the other with the source of electricity. 
When it is held in the hand by the external coating, and the knob 
presented to the conductor of the machine (fig. 487) which is being 
worked, positive electricity is accumulated on the inner, and 
negative electricity on the inside of the outer, coating. The reverse 
is the case if the jar is held by the knob and the external coating 
presented to the machine. The explanation of the action of the 
jar is the same as that of the plate condenser (fig, 485), and what 
has been said of this applies to the jar, substituting the two 
armatures for the two plates, A and B, of the condenser. 

Like any other form of condenser, the Leyden jar may be dis¬ 
charged either slowly or instantaneously. For the latter it is held 
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On the hand by the outside coating, and the two coatings are own 
•connected by means of the simple discharger (fig. 488). Cane 
must be taken to touch first the external coating with the dis¬ 
charger, otherwise a smart shock will be felt. When it is to be 
discharged slowly, the jar is placed on an insulated plate, and first 
the inner and then the outer coating touched, either with the hand 
or with a metallic conductor. A slight spark is seen at each 
contact 

Fig. 489 represents a very pretty experiment for illustrating 
the slow discharge. The rod connecting with the inner coating 
terminates in a small bell, d\ and the outside coating is connected 
with an upright metal support, on which is a similar bell, e. 
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Between the two hells a gilt pith ball is suspended by a silk thread. 
The jar is then charged in the usual manner, and placed on the 
support^ m. The internal armature contains a quantity of free 
electricity ; the pendulum is attracted and immediately repelled, 
Striking, against the second bell, to which it imparts its free charge. 
Being now neutralised, it is again attracted by the first bell, and 
so on for some time. 

When a jar has been discharged and allowed to stand a short 
time, a second charge may be taken, which is due to the electric 
residue ox residual charge. The jar may be again discharged, and 
x Second residue will be left, feebler than the first, and so on for 
three or four times. The residue is greater the longer the jar has 
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remained charged. The magnitude of the residue further depends 
on the amount of the charge, and also on the degree in which the 
metal plates are in contact with the insulator. It seems to be due 
to penetration of some of the electricity into the dielectric, from 
which it does not at once pass to the surface when the jar is first 
discharged. Or, in accordance with the ‘ strain ’ theory (463), the 
strain to which the dielectric is subjected is relieved when the con¬ 
denser is discharged. If the dielectric is air, the relief is absolute ; 
there is no residual charge ; but if the dielectric is glass or other 
solid material, the relief of the strain on connecting the coatings is 
only partial, and further relief (residual discharge) is obtained on 
again connecting the coatings. 

466. Electric battery.—The charge which a Leyden jar can 
take depends on its size and the thickness of the glass. But very 
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large jars are expensive, and liable to break ; and when thin, the 
accumulated electricities are apt to discharge themselves through 
the glass, especially if this is not quite homogeneous, for the 
dielectric itself when charged is in a state of mechanical strain. 
Leyden jars have usually from ^ to 3 square feet of coated surface. 
For more powerful charges electric batteries are used. 

An electric battery consists of a series of Leyden jars, whose 
inner and outer coatings are respectively connected with each other 
(fig. 490). They are usually placed in a wooden box lined on the 
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bottorn with tinfoil. This lining is connected with two metal 
handles in the sides of the box. The inner coatings are con¬ 
nected with each other by metal rods, and the battery is charged 
by placing the inner coatings in connection with the prime con¬ 
ductor, while the outer coatings are connected with the ground by 
means of a chain fixed to the handles. A Henley’s quadrant 
electrometer fixed to one jar serves to indicate the potential of the 
battery. The number of jars is usually four, six, or nine. The 
larger and more numerous they are, the longer is the time re¬ 
quired to charge the battery, but the effects are so much the more 
powerful. 

When a battery is to be discharged the inner and outer 
coatings are connected by means of a discharging rod, the outside 
coating being touched first. Great care is required, for with 
large batteries serious accidents may occur, resulting even in 
death. 

467. Dissected Leyden jar.—We have seen, that the insulating 
medium or dielectric (463) in the Leyden jar plays a most important 



*'ig 491. 


part, and it is there, and not on the metallic coatings, that the elec¬ 
tricity is stored up. This is illustrated by the experiment of the 
dissected Leyden jar , which consists of a somewhat conical glass 
vessel, 14 with movable coatings of tin, C and D. These separate 
pieces, placed one in the other, as shown in A (fig. 491), form a 
complete Leyden jar. After the jar is charged, it is placed on an 
insulating cake; the internal coating is first removed by the hand, 
hr, better, by a glass rod, then the glass vessel. The coatings 
are found to contain little or no electricity, and if they are placed 
on the table they are restored to the neutral state. Nevertheless, 





when the jar is pat together again, as represented in the figure at 
A, a shock may be taken from it almost as strong as if the coatings 
had not been removed. It is therefore concluded that the coatings 
principally play the part of conductors, distributing the electricity 
over the surface of the glass, which thus becomes polarised or 
strained, and retains this state even when placed on the table with 
the coatings removed. 

The experiment may be conveniently made with an ordinary 
glass vessel by forming it into a Leyden jar, of which the inside and 
outside coatings are of mercury. The mercury inside is charged, 
and then, after the two coatings are mixed, the apparatus is put 
together again, upon which a discharge may be at once taken. 
The experiment may also be made by means of an Epinus con¬ 
denser (461). 

468. Condensing electroscope.—We shall conclude this ac¬ 
count of condensers by describing an application which Volta made 
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of the principle of condensation to the ordinary gold-leaf electro* 
scope, by which a far greater degree of delicacy is attained (fig. 
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<#92)• The rod to which the gold leaves are affixed terminates in 
3 ! disc instead of in a knob (fig. 452), or instead of the sphere 
{%. 453)) and there is another disc of the same size provided with 
an insulating glass handle. Each disc is covered with a layer of 
insulating shellac varnish (fig. 493). 

To render very small differences of potential perceptible by this 
apparatus, one of the plates, which thus becomes the collecting 
plate, is touched with the body under examination, which is 
supposed to be at a low but constant potential. The other plate, 
the condensing plate , is put into momentary connection with the 
ground. The electncity of the body to be tested, being diffused 
Over the collecting plate, acts inductively through the varnish 
on the neutral electricity of the other plate, attracting the 
opposite electricity, but repelling that of like kind. The two 
electricities thus become accumulated on the two plates just as in 
any other condenser, but there is no divergence of the leaves, for 
the potential of the body is too low. The finger is now removed, 
and then the source of electricity, and still there is no divergence; 
but if the upper plate is now raised (fig. 493) the capacity of the 
electroscope is very much diminished, and the charge of electricity 
remaining constant, it follows that the potential rises, and may rise 
sufficiently to cause an appreciable divergence of the leaves. For 
an account of an important experiment by Volta with this electro¬ 
scope, see art. 489. The delicacy of the apparatus is increased by 
adapting to the foot of the apparatus two metal rods, which are 
in conducting communication with the earth, terminating in 
knobs; for these knobs, being excited by induction from the 
gold leaves, react upon them, and, attracting them, increase their 
divergence. 


Effects of the Electric Discharge 
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CHAPTER V 

various effects of accumulated electricity 

469. Effects of the electric discharge.—The recombination 
of the two electricities, which constitutes the electric discharge, 
may be either continuous or sudden : continuous, or of the nature 
of a current, as when the two conductors of an electric machine (449) 
are joined by a chain or a wire ; and sudden, as when the opposite 
electricities accumulate on the surface of two adjacent conductors 
until their mutual attraction is strong enough to overcome the 
intervening resistances, whatever they may be. But the difference 
between a sudden and a continuous discharge is one of degree, and 
not of kind, for there is no such thing as an absolute non-conductor, 
and the very best conductors, the metals, offer an appreciable 
resistance to the passage of electricity. Still, the difference at the 
two extremes of the scale is sufficiently great to give rise to a wide 
range of phenomena. 

When the spark produced by the discharge of a Leyden jar is 
examined by means of a rotating mirror, it forms a band, and on 
close examination this band is seen to be made up of a number of 
alternate dark and light spaces, gradually becoming weaker. It 
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thus appears that the discharge of the Leyden jar does not consist 
in a mere union of the positive and negative electricities, but is 
made up of a series of oscillating discharges in alternately opposite 
directions. The shorter and the better conducting is the circuit 
through which the Leyden jar is discharged, the greater is the 
number of oscillatory discharges ; conversely, the number of these 
discharges decreases as the resistance of the circuit through 
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wbich the discharge takes place increases. With a very great 
resistance—for instance, by the interposition of a wet string—the 
alternating discharge changes into a simple one. 

We may compare a dielectric in a state of strain (463), like the 
glass of a charged Leyden jar, to a narrow steel plate, clamped 
at one end ; if the free end is pulled aside, the plate is in a state of 
strain, and when this strain is removed the plate comes to rest after 
making a series of oscillations. These oscillations are damped or 
even prevented when the plate is exposed to a great resistance, by 
being placed, for instance, in a viscous liquid ; so, too, electric dis¬ 
charge becomes continuous when meeting with great resistance 
These oscillatory discharges may be illustrated by means of a 
simple hydrostatic experiment Suppose that in the U-tube 
(fig. 495) is a valve S, by which the two limbs 
may be separated, and that water is poured in one 
so that it is at a height L above the level OO, and 
in the other at a corresponding distance, L', below 
the level. When the valve is suddenly opened, 
the water passes through, and only comes to rest 
in the position OO after several oscillations. If 
the valve is only slightly opened, so that great 
resistance is offered, the water slowly sinks to its 
level and there are no oscillations ; this corresponds to the case in 
which the electric resistance is very great 

The oscillatory nature of the discharge was confirmed by the 
observations of Paalzow on the luminous phenomena seen in highly 
rarefied gases when the discharge takes place in them, as well as 
by the manner in which a magnet affects the phenomena. 

470. Physiological effects.—The physiological effects are those 
produced on living beings, or on animals recently deprived of life. 
In the first case, they consist of a violent excitement which elec¬ 
tricity exerts on the sensibility and contractility of the organic 
tissues through which it passes ; and, in the latter, of violent 
miMcaliyi convulsions which resemble a return to life. 

The shock from the electric machine has been already 
noticed.! The shock taken from a charged Leyden jar, by grasping 
the outer coating with one hand and touching the inner-with 
the other, is much more violent, and has a peculiar character. 
W itt, a small jar the shock is felt in the elbow; with a jar of about 
a quartcapacityit is felt across die chest, and with jars of still 
jaeger dimensions hi the stomach. 
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A shock may be given to a large number of persons simul¬ 
taneously by means of the Leyden jar. For (his purpose they must 
form a chain by joining bands. If then the first touches the out¬ 
side coating of a charged jar, while the last at the same time 
touches the knob, all receive a simultaneous shock, the intensity 
of which depends on the charge and on the number of persons 
receiving it Those in the centre of the chain are found to 
receive a less violent shock than those near the extremities. The 
Abb6 Nottet discharged a Leyden jar through an entire regiment 
of 1,500 men, all of whom received a violent shock in the arms 
and shoulders. 

With large Leyden jars and batteries the shock is sometimes 
very dangerous. Priestley killed rats with batteries of 7 square 
feet coated surface, and cats with a battery of about 4$ square 
yards coating. 

471. Heating effects—Besides being luminous, the electric 
spark is a source of intense heat. When it passes through in¬ 
flammable liquids, such as 
ether or alcohol, it ignites 
them. An arrangement 
for effecting this is repre¬ 
sented in fig. 496. It is 
a small glass cup, through 
the bottom of which passes 
a metal rod, terminating 
in a knob and fixed to a 
metal foot A quantity of 
liquid sufficient to cover 
the knob is placed in the 
vessel. The outer coat¬ 
ing of the jar having been 
connected with the foot 
by means of a chain, the 
spark which passes when the two knobs are brought near each 
other inflames the liquid. With ether or bisulphide of carbon 
the experiment succeeds very well, but alcohol requires to be first 
wanned. 

The experiment may also be simply made without any special 
apparatus; a brass rod, connected by a chain with the outer crating 
of a charged Leyden jar, has a brass knob at one end, which is 
wrapped round with a few layers of muslin •, this is dipped in ether, 



Fig. 496. 
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and brought near to die knob connected with the inner coating. 
The spark that ensues at once ignites the ether. 

Coal gas may also be ignited by means of the electric spark. 
f .k person standing on an insulated stool places one hand on the 
conductor of a machine, which is then worked, while he presents 
the other to the jet of gas issuing from a metallic burner. The 
spark which passes ignites the gas. This experiment may be 
curiously varied by igniting the gas by means of a piece of ice 
held in the hand 
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A metal wire through which a battery is discharged becomes 
Incandescent, and may be melted or even volatilised, provided the 
Charge be sufficiently powerful. 


For das 
HenUfs 
a host 1 



iment an apparatus is used which is called 
universal discharger , for it maybe employed in 
on the electric discharge. It consists 
■ass rods, A and B, each insulated on a glass 
can slide along hinged joints, so that they can 
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be adjusted at any distance from each other and inclined in any 
direction. Between them is a small table support, M, adjustable 
in height, which is intended to support objects to be submitted to 
the action of the discharge. 

The metal wire which is to be melted is fixed at i to two knobs 
fastened on the rods ; one of these is then connected by means of 
a chain with the outside of a powerful battery, while the other Is 
brought in contact with the inner coating, either by means of the 
discharging rod or by a chain attached to a metal rod fixed on a 
glass handle. The moment the spark passes between the knob and 
the battery, the wire, if it is fine enough, is melted in incandescent 
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globules, and is even volatilised—that is, converted into vapour 
which disappears in the atmosphere. If the wire is thicker, it 
simply becomes red-hot, but does not melt; and if still larger, it is 
merely heated without becoming luminous. 

The laws of this heating effect have been investigated by the 
apparatus illustrated in fig. 498, known as the electric thermo¬ 
meter. It consists of a glass bulb closed by a stopper, c, and 
attached to a capillary tube, which is bent twice and terminates 
in an enlargement; this contains coloured liquid. The whole 
apparatus is fixed on a hinged support, A, which works on the base, 
B, so that it can be inclined and fixed at any given angle. Before 
the experiment is made the stopper, c, is opened to equalise the 
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wmm^ two ends of the liquid. Between the terminate, a 
^ a fine platinum wire spiral is stretched. When a Leyden 
jttris discharged through a 6 , the wire becomes heated, expands 
the air in the bulb, and the expansion is indicated by the motion 
of the liquid along the graduated stem of the thermometer. In 
this way it was found that the heat in the wire is proportional to 
the square of the quantity of electricity, and inversely proportional 
to the capacity of the Leyden jar. 

Fig. 499 represents the marks left on a piece of glass by a 
narrow strip of tinfoil fused by the discharge of a Leyden 
battery. 

When an electric discharge is sent through gunpowder placed 

on the table of a Henley's dis¬ 
charger, the powder is not ignited, 
but is scattered in all directions. 
But if a wet string is interposed 
in the circuit, a spark passes 
which ignites the powder- This 
arises from the retardation which 
electricity experiences in traversing a semi-conductor, such as a 
string for the heating effect is proportional to the duration 
df the discharge. 

47X Electric portraita.—The volatilisation of metals by the 
efoctric 'discharge is applied to make what are called electric 
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portraits. For this purpose a thin card is taken of the shape abm 
(fig. 50O), and the design to be copied is cut out of the central part, 
<4,the terminal part s, a and 0, being covered with tinfoil. A leaf 
upon the design, care being taken that »* 
the pteees of tinfoil, a and A The lateral portion of 
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the card, m, is then bent over, the card placed on a silk ribbon, 
and the whole pressed in a frame, P. When the discharge is 
passed from a to A, the tinfoil, being relatively thick, is not melted ; 
but the gold, which is very thin, is volatilised, and forms on the 
ribbon through the pattern a brown coating, which reproduces all 
the details as seen in R. 

473. Mechanical effects.—The mechanical effects are the vio¬ 
lent lacerations, fractures, and sudden expansions which ensue 
when a powerful discharge is passed through a badly conducting 
substance. Glass is perforated, wood and stones are fractured, 
and gases and liquids are violently disturbed. The mechanical 



Fig. 501. 

effects of electricity may be demonstrated by a variety of experi¬ 
ments. The body to be submitted to experiment is placed on the 
table, M (fig. 497), in contact with the two knobs which terminate 
the rods A and B, so that they cannot receive the discharge with¬ 
out transmitting it through the object on the table. Thus, for 
instance, if a piece of wood is placed so as to be struck in the 
direction of the fibres, it is smashed into pieces the moment the 
discharge passes. 

Fig. 501 represents an arrangement for perforating a piece of 
glass or card. It consists of two glass columns, with a horizontal 
CTOss-piece, in which is a pointed conductor. The piece of glass 

P P 
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is placed on an insulating glass support, in which is placed a second 
conductor terminating also in a point, which is connected with the 
outside of the battery, while the knob of the inner coating is 
brought near the other knob. When the discharge passes between 
the two conductors, the glass is penetrated. The experiment only 
succeeds with a single jar when the glass is very thin ; otherwise 
a battery must be used. 

When the discharge takes place through a piece of cardboard 
between two points exactly opposite each other, the line of perfora¬ 
tion is quite straight; but it 
not exactly opposite, a slight 
hole is seen near the negative 
point. This phenomenon, 
which is known as Lullin's experiment , is probably connected with 
the fact that electricity is discharged more readily from a nega¬ 
tively than from a positively charged point (455). 

If the discharge be passed between the knobs a and b (fig. 502) 
in a glass tube containing water, the explosion is so violent that the 
tube is smashed. 

474. Chemical effects.—-The chemical effects are the decom¬ 
positions and recombinations effected by the passage of the 
electric discharge. An instance of chemical combination brought 
about by the electric spark has been already given in the formation 

of water, shown in fig. 
483. Priestley found 
that when a series of 
electric sparks was 
passed through moist 
air contained in a bent 
tube over mercury 
(fig. 503), its volume 
diminished, and blue litmus introduced into the vessel was reddened. 
This, Cavendish found, was due to the formation of nitric acid. 

Water may conversely be decomposed by electric sparks. 
This is best effected by means of what are called Wollaston's 




Fig. 502. 


points^ which consist of fine platinum wires fused into capillary 
glass tBbes, and filed away so that only the section of the wire is 
presented to the liquid. If two such points placed in water (fig- 
504) afe connected, by means of mercury in the tubes and the 
WliresH M, with the electrodes of a Wimshurst machine, or, in the 
frictional machine, one with the prime conductor and the 
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other with earth, there being in either case a spark-gap of about a 
millimetre, it will be found that minute bubbles of oxygen gas are 
given off at the point at which the positive electricity enters, or 
the positive pole, while about twice the quantity of hydrogen gas 
is given off at the negative pole. If the experiment is made 
with solution of copper sulphate, oxygen is still given off at the 
positive pole, while the negative becomes coated with metallic 
copper. 

Decomposition of salts may also be easily shown by Faraday’s 
experiment (fig. 505), which consists in placing discs of blotting- 
paper, B and D, soaked with solution of the salt in question, on a 
table A. Connection is established between the discs, and with 
the prime conductor, C, on the one hand, and the earth on the 
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other, by means of fine platinum wire. If the solution is one of a 
neutral salt—sodium sulphate, for example—decomposition takes 
place when the machine is worked, and free acid, recognisable by 
its action on litmus, is liberated at B, while D indicates the presence 
of free alkali. 

Among the chemical effects must be enumerated the formation 
of ozone, which is recognised by its peculiar odour and by its 
chemical properties, which are like those of oxygen, but far more 
energetic. The odour is perceived when an electric machine is 
at work and electricity issues through a series of points from a con¬ 
ductor into the air. It has been ascertained to be an allotropic 
modification of oxygen, which has properties the same in kind as 
those of oxygen, though much more powerful in degree, 

475 - Magnetic effects.— By the discharge of a large Leyden 
jar or battery, a steel wire may be magnetised if it is laid at right 

It2 
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angles to the conducting wire through which die discharge is 
passed, either in contact with the wire or at some slight distance. 
And even with less powerful discharges a steel bar or needle 
may be magnetised by being placed inside a spiral of fine insulated 
copper wire (fig. 506) When the discharge is passed through this 

wire the needle becomes magnetised. 
If the wire is coiled round the needle in 
the same direction as that in which the 
hands of a watch move, the south pole 
is at that end at which the positive 
electricity enters. If, on the contrary, 
the wire is coiled in the opposite direc¬ 
tion to the hands of a watch, the north 
pole is at the end at which the positive 
electricity enters. 

The polarity of the needle is gene¬ 
rally as stated above ; it is, however, 
sometimes found that the passage of an electric discharge through 
the spiral produces very little magnetic effect on the needle, and 
occasionally the polarity is opposite to what we should expect. 
These anomalies are due to the oscillatory character of the discharge 
of a Leyden jar (469). Uniform results are obtained when a wet 
string is included in the circuit 

The magnetic action may also be illustrated by discharging a 
charged condenser through a galvanometer (521), which must have 
a long coil of well-insulated wire A momentary deflection, or 
throw, of the needle is produced, which is a measure of the quantity 
of electricity with which the condenser is charged If the terminals 
of the galvanometer are connected with the electrodes of a Wims- 
hurst machine in action, a steady deflection of the needle is 
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obtained. 

476. Inductive effects'of the Leyden discharge.—The discharge 
of a Leyden jar can induce a discharge in a separate conductor, as 
may be illustrated by the apparatus represented in fig. 507. B and 
C are flat coils of insulated wire fastened on glass plates. One 
end of the wire on B is connected with the discharging rod, and 
the other with the outside coating of a charged Leyden jar. When 
the spark passes, electricity traversing the wire on B acts by induc¬ 
tion On the wire on C, and produces a momentary current in this 
wife.. A person holding two brass handles, h x and h,„ connected 
with Ike two ends of the wire on C, receives a shock, the strength 
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of which is greater in proportion as B and C are nearer. A 
fragment of gun-cotton placed between ft t and k t will be ignited 
by the discharge of the jar ; or, if A, and h , 2 are connected by a 
magnetising spiral, a needle placed inside it will be magnetised by 
the discharge. 
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The experiment may also be made by simply twisting together 
two lengths of a few' feet of gutta-percha-coxered copper wire* The 
end of one length being held in the hand, an electric discharge is 
passed through the othei length. 
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CHAPTER VI 

ATMOSPHERIC ELECTRICITY. THUNDER AND LIGHTNING 

477. Thunder and lightning the effects of electricity. —The first 
physicists who observed the ramified motion of the electric spark 
compared it to the gleam of lightning, and its crackling to the 
sound of thunder. Hut Franklin, by the aid of powerful electric 
batteries, was the first to establish a complete parallelism between 
lightning and electricity ; and in a memoir published in 1749 he 
pointed out the experiments necessary to attract electricity from 
the clouds by means of pointed rods. The electric fluid, said he, 
in concluding his memoir, is attracted by points ; we know not 
whether lightning is endowed with the same property ; but since 
electricity and lightning agree in all other respects it is probable 
they will not differ in this—and the experiment should he made. 
The experiment was tried by Dalibard in France ; and Franklin, 
pending the erection of a pointed rod on a spire in Philadelphia, 
had the happy idea of flying a kite, provided with a metal point, 
which could reach the higher regions of the atmosphere. In June 
1752, during stormy weather, he flew the kite in a field near Phila¬ 
delphia. The kite was flown with ordinary packthread, at the end 
of which F ranklin attached a key, and to the key a silk cord, in 
order to insulate the apparatus ; he then fixed the silk cord to a 
tree, and having presented his hand to the key at first he obtained 
no spark. He was beginning to despair of success, when, rain 
having fallen, the cord became a good conductor, and a spark 
passed. Franklin, in his letters, describes his emotion on witness¬ 
ing the success of the experiment as being so great that he could 
not refrain from tears. 

Franklin, who had discovered the property of points (455), but 
who did not understand its explanation, imagined that the kite 
withdrew its electricity from the clouds ; it is, in fact, a simple case 
of induction, and depends on die inductive action which the 
thunder-cloud exerts upon the kite and the cord. 
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478. Atmospheric electricity.— -In order to ascertain the pre- 
sencej of electricity in the atmosphere, many forms of apparatus 
have rbeen used. To observe the electricity in fine weather, 
an electrometer may be used, as devised by Saussure for this 
kind of investigation. It is an electroscope similar to that 
already described, but the rod to which the gold leaves are 
fixed is surmounted by a conductor two feet 
in length, and terminating either in a knob 
or a point (fig. 508). To protect the appa¬ 
ratus against rain, it is covered with a metal 
shield four inches in diameter. The glass 
case is square, and a divided scale on its 
inside face indicates the divergence of the 
gold leaves. 

To ascertain the electric state of the atmo¬ 
sphere, Saussure also used a copper ball, which 
he projected vertically with his hand. This 
ball was fixed to one end of a metal wire, the 
other end of which was attached to a ring, 
which could glide along the conductor of the 
electrometer. From the divergence of the gold 
leaves the electric condition of the air at the 
height which the ball had attained could be 
determined. Becquercl, in experiments made 
on Mont St. Bernard, improved Saussure’s 
apparatus by substituting for the ball an arrow, 
which was projected into the atmosphere by 
means of a bow. A gilt silk thread, eighty- 
eight yards long, was fixed with one end to 
the arrow, while the other was attached to the 
stem of an electroscope. 

Volta charged a small Leyden jar with the 
electricity in the air by an arrangement repre¬ 
sented in fig. 509. An ordinary rod is held in 
the hand, provided at one end with a brass 
ferrule in which fits a glass rod ; this in turn is provided with a 
ferrule in which is fixed a pointed metal rod, E. At the end of 
this is a cotton wick, G, soaked in spirits of wine. A wire, H, 
connects the wick to the inner coating of a small Leyden jar, the 
outer coating of which is held in the hand. Instead of the Leyden 
jar a small electroscope may be used with this arrangement. 



Fig. 508- 
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Sometimes also kites are used, provided with a point, and 
connected by means erf a gilt cord with an electrometer. Captive 
balloons are likewise similarly used. 

A good collector of atmospheric electricity consists of a fishing- 
rod with an insulating handle, which projects from an upper 
Window. At the end of the rod is a bit of lighted tinder, held m 
metal forceps, the smoke of which, being an excellent conductor, 
conveys the electricity of the air down an 
insulated wire attached to the rod A sponge 
moistened with alcohol, and set on fire, is 
also an excellent conductor 

479. Ordinary electricity of the atmo¬ 
sphere. —By means of the various apparatus 
which have been described, it has been 
found that the piesence of electricity m the 
atmosphere is not confined to stormy weather, 
but that the atmosphere always contains 
electricity—generally positive, though occa¬ 
sionally negative. In other words, the electric 
potential at any point m the atmosphere is 
generally above, and only occasionally below, 
that of the earth , so that if the point m 
question is connected by a wire with the 
earth, there is generally a flow of positive 
electricity donn the wne When the sky is 
cloudless, the potential is always positive, 
but it vanes in amount with the height oi 
the locality and with the lime of day The 
potential is greatest in the highest and most 
isolated plates No trace of electricity is 
found m houses, streets, or under trees; m 
towns, positive electricity is most perceptible 
m large open spaces, on quays, or on bridges 
In all cases, positive electncity is only found at a certain height 
Above die ground. On flat land it only becomes perceptible at a 
height of five feet ; above that point it mci eases according to a 
law which is not established, but which seems to be affected by the 
hygrometric state erf the air. 

When the sley is clouded, the electncity is sometimes positive 
and sometimes negative. It often happens that the electricity 
changes its sign several times in the course of the day, owing to the 
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passage of an electrified cloud. During storms, and when it rains 
or snows, the atmosphere may be positively electrified one day, and 
negatively the next, and the numbers of the two sets of days are 
virtually equal. The electric potential at a given position above 
the ground is relatively high during fog, and is nearly always 
positive in fine weather. It increases m general with the density 
of the fog. 

The electricity of the ground was found by Peltier to be always 
negative, but to different extents, according to the hygrometric 
state and temperature of the air. 

Many hypotheses have been propounded to explain the origin 
of atmospheric electricity. Some have ascribed it to the friction 
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of the air against the ground, some to the growth of plants, or to 
the evaporation of water. Several causes may, in fact, concur in 
producing the phenomena, and it must be admitted that at present 
we are unable to give any satisfactory explanation. The fact that 
the most powerful atmospheric phenomena are accompanied by 
enormous downpours of ram and hail seems to indicate a connec¬ 
tion between the excitation of electricity and the condensation of 
aqueous vapour, which has not, however, been put on an experi¬ 
mental basis. Thus, in volcanic outbursts, large masses of aqueous 
vapour ascend and condense at a height, forming a massive cloud, 
which, after sending forth lightning-flashes accompanied by thunder, 
is resolved into rain. 
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480. Lightning.—This, as is well known, is the dazzling- light 
emitted by the electnc spark when it shoots from clouds charged 
with electricity. In the lower regions of the atmosphere the light 



Fig 511. 


Fig. 5>a- 


is white, but in the higher regions, where the air is more rarefied, 
it takes a violet tint, as does the spark of the electric machine in a 
rarefied medium (456) 


Fig 513. 

i extremely sensitive photographic dry plates now made (404) 
ut into the hands of meteorologists a powerful means of 
tg the exact forms of lightning-flashes. Figs. 510 to 513 are 
actions of photographs of lightntng taken at various times 
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and places, selected by a Committee of the Royal Meteorological 
Society, as representing actual typical forms. 

Stream lightning (fig. 510) is rather a rare form ; it consists of 
a plain, broad, rather smooth streak of light. Sinuous lightning 
(fig, 513) is the commonest type : the flash maintains some general 
direction, but the line is sinuous, bending from side to side in a 
very irregular manner. In ramified lightning (fig. 511) part of 
the flash appears to branch off from the main streak, like the 
fibres from the root of a tree. In meandering lightning, as in 
fig. 512, the flash appears to meander about without any definite 
course, and forms small irregular loops. Occasionally a series 
of bright beads appears in the general wide streak of lightning. 
Sometimes these beads seem to coincide with bends in the 
meandering type, but they often appear without any evident 
looping of the flash. 

A lightning-flash between a cloud and the earth may be 
regarded as the discharge of a condenser whose coatings are 
the charged clouds and the earth, the intervening air being the 
dielectric. And as with a Leyden jar the discharge is ordinarily 
oscillatory in character (469), so is it also in the case of a 
lightning-flash. The discharge oscillates to and fro between the 
cloud and the ground, the whole series of alternations taking place 
in a minute fraction of a second and appearing to the eye as a single 
flash. Only in the case of meandering lightning (fig. 512) is the 
discharge probably non-oscillatory. 

Besides these types there are also the flashes which, instead 
of being linear, like the preceding, fill the entire horizon without 
having any distinct shape. This kind, which is most frequent, 
appears to be produced in the cloud itself, and to illuminate the 
mass. Another kind is called heat or sheet or summer lightning, 
because it illuminates the summer nights without the presence of 
any clouds above the horizon, and without producing any sound. 
The most probable of the many hypotheses which have been pro¬ 
posed to account for its origin is that which supposes it to consist 
of ordinary lightning-flashes, which strike across the clouds at such 
distances that the rolling of thunder is so enfeebled as not to affect 
the ear of the observer. 

Thus, Luke Howard observed at Tottenham, while the sky was 
perfectly clear, abundant sheet lightning in a south-easterly direc¬ 
tion, and afterwards learned that there had been at the same time 
a violent thunderstorm between Dunkirk and Calais, a distance 
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of over too miles. Lightning is visible at a distance of tjo 
miles, while thunder is not heard at a greater distance than 
17 miles. 

There is, further, the rarer phenomenon of lightning-dashes 
which appear in the form of globes of fire, known also as fireballs. 
These, which are sometimes visible for as long as ten seconds, 
descend from the clouds to the earth with such slowness that the 
eye can follow them. They often rebound on reaching the ground ; 
at other times they burst and explode with a noise like that of the 
report of many cannon. This is sometimes known as globe light¬ 
ning or thunderbolts, and its existence might even be doubted if 
•M. Plantd had not obtained, by means of batteries of very high 
potential, discharges which at times took the form of a luminous 
sphere. 

The duration of the light of the first three kinds does not amount 
to the one hundred thousandth of a second, as has been deter¬ 
mined by Wheatstone by means of a rotating wheel, which was 
turned so rapidly that the spokes were invisible (378); on illumi¬ 
nating it by a lightning-flash, its duration was so short that, 
whatever the velocity of rotation of the wheel, it appeared quite 
stationary—that is, its displacement was not perceptible during the 
time the lightning existed. 

The length of a flash of lightning may be ascertained by deter¬ 
mining its angular extent, and the time which elapses between its 
appearance and the subsequent thunder This time in seconds, 
multiplied by the velocity of sound in feet per second, gives the 
radius in feet of the arc traversed. 

The light produced by a lightning-flash must be comparable to 
that of the sun in brightness, though it does not appear to us 
brighter than ordinary moonlight But considering its excessively 
brief duration, and that the full effect of any light on the eye is only 
produced when its duration is at least the tenth of a second, it 
follows that a landscape continuously illuminated by the lightning 
flash would appear 100,000 times as bright as it actually appears 
to Us 4 uring the flash. 

481. Thunder. —Thunder is a violent report which succeeds 
lightning in stormy weather ; it is the crack of the ordinary 
electric spark on a large scale. The lightning and the thunder are 
always simultaneous, but an interval of several seconds is generally 
pbeeryed between the perception of these two phenomena, which 
ttt&ea lrosB the fact that sound only travels at the rate of about 



-488] Effects ef Lightning 589 

1,100 feet in a second (175), while the passage of light is almost 
instantaneous. Hence an observer will only hear the noise of 
thunder five or six seconds, for instance, after the lightning, accord¬ 
ing as the distance of the thunder-cloud is five or six times 1,100 
feet. The noise of thunder arises from the disturbance which the 
electric discharge produces in the air. Near the place where the 
lightning strikes, the sound is hard and of short duration. At a 
greater distance a series of reports are heard in rapid succession. 
At a still greater distance the noise, feeble at the commencement, 
changes into a prolonged rolling sound of varying intensity. Some 
attribute the noise of the rolling of thunder to the reflections of 
sound from the ground and from hills, clouds, and buildings, which 
do not all reach the ear at the same time. Others have considered 
the lightning, not as a single discharge, but as a series of dis¬ 
charges, each of which gives rise to a particular sound ; but as 
these partial discharges proceed from points at different distances, 
and from zones of unequal density, it follows not only that they 
reach the ear of the observer successively, but that they bring 
sounds of unequal intensity, which occasion the duration and in¬ 
equality of the rolling. The phenomenon has finally been ascribed 
to the zigzags of lightning themselves, assuming that the air at 
each salient angle is at its greatest compression, which would 
produce the unequal intensity of the sound. One observer gives 
the duration of thunder as varying from two to eighty seconds. 

Thunder-clouds are usually flat at thtf bottom, while above 
are more or less dense masses of cloud piled up in peaks and 
hillocks. In reflected light such clouds are brilliantly white, but 
from their great density they transmit but little light, and hence 
when they are between us and the sun they seem dark grey or 
black. Each such cloud is due to an ascending current of air, which 
shows itself by the condensation of the moisture in the air. When 
the cloud is high enough, the column begins to spread out in the 
above forms, and is ultimately resolved into cirrus. Lightning and 
thunder are then not far off. Thunder-clouds are usually at a 
height of 3,000 to 4,000 feet, though they have been known to be as 
low as from 700 to 1,000 feet. 

Mohn observed that the average rate at which thunderstorms 
travel in Norway is about twenty-four miles an hour, and mostly 
from south-west to north-east. 

483. Effects of lightning.—The lightning discharge is the 
electric discharge which strikes between a thunder-cloud and the 
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earth. The latter, by the induction from die electricity of the 
cloud, becomes charged with contrary electricity; the electrified 
cloud and die earth are in a condition like the two coatings of a 
Leyden jar {481), and when the tendency of the two electricities to 
combine exceeds the resistance of the air the spark passes, which 
is often expressed by saying that a ‘thunderbolt has fallen.’ 
Lightning in general strikes from above, but ascending lightning 
is also sometimes observed ; possibly this is the case when, the 
clouds being negatively, the earth is positively electrified, for 
experiments show that at the ordinary atmospheric pressure positive 
electricity passes through the atmosphere more easily than negative 
electricity. 

We should expect the lightning-flash to take place between the 
charged cloud and the nearest and best conducting objects, and 
in fact trees, elevated buildings, metals, are more particularly 
struck by the discharge ; but many exceptions to this general 
principle are on record. Trees are good conductors, from the sap 
they contain; hence it is imprudent to stand under or very near 
trees or shrubs during a thunderstorm. 

Curious effects are observed in the action of lightning on trees. 
Sometimes they are partially or entirely deprived of their bark ; 



fig. 514. 


sometimes the wood is split into long thin 
laths, or cut up in bundles of fibres like a 
broom. Franklin ascribed this phenomenon 
to the sudden evaporation of the sap con¬ 
tained in the wood. Lightning often runs on 
the outside in a spiral line, or rotates about 
their axes on the stems of trees or posts. 

The effects of lightning are very varied, 
and of the same kind as those of electric 
batteries {466), but of far greater intensity. 
The lightning discharge kills men and 
animals, inflames combustible matter, melts 
metals, breaks bad conductors in pieces. 
When it penetrates the ground it melts the 
siliceous substances on its path, and thus 
often produces, in the direction of the dis¬ 
charge, those remarkable vitrified tubes 


called fulgurites (fig. 514), some of which are twelve yards in 
length. They are as much as two inches wide at the top, and 
their branches run out to fine points. When it strikes bars of 
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ircn, it magnetises them, and it often reverses the poles of 
compass-needles. 

After the passage of lightning, a peculiar odour is sometimes 
produced, like that perceived in a room in which an electric 
machine is being worked. This odour is due to the formation of 
ozone (474). Rain-water, too, collected after a thunderstorm con¬ 
tains on the average more nitric acid than under ordinary circum¬ 
stances. The production of this acid is one of the effects of the 
electric discharge through air (474). 

An electrified cloud forms, with the earth below, a condenser, 
the intervening mass of air being the dielectric. This mass of 
air is therefore in a state of strain, like the dielectric in a Leyden 
jar, and it is to this state of strain which precedes the actual dis¬ 
charge, rather than to the discharge itself, that is due the production 
of ozone or of nitric acid. 

Heated air conducts better than cold air, probably only owing 
to its lesser density. Hence it is said that large numbers of animals, 
such as flocks of sheep, are often killed by a single discharge, as 
they crowd together in a storm, and a column of warm air rises 
from the group. 

Many persons have an undue fear of the effects of the lightning 
discharge. This fear would be diminished if we remembered the 
very small number of persons who are really killed by lightning. 
Arago estimated the number for France at twenty in a year—that 
is, one victim for two million inhabitants—which is a far less pro¬ 
portion than that of many other accidents which do not excite 
nearly so much fear. The danger of possible death from a light¬ 
ning discharge is far less than that from a railway accident 

The frequency of thunderstorms varies greatly in different 
countries. In Central Europe they are more frequent than in the west, 
especially in those places bordering on the sea. Thus, while there 
are from 5 to to in a year in the latter, in Germany there are 30, and 
in Italy 40 in the year. In London they vary from 5 to 13, the 
average being &■$, while in Paris the average is J4. In tropical 
countries they are far more frequent. They mostly occur in 
summer, but where the rainfall is greatest in winter, as at Bergen, 
they are more frequent at that time of the year. 

483. Return shock.—This is a violent and sometimes fatal 
shock which men and animals experience, even when at a great 
distance from the place where the lightning discharge passes. It 
is caused by the inductive action which the thunder-cloud exerts 
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on bodies placed within the sphere of its activity. These bodies 
are then, Eke the earth, charged with the opposite electricity to 
that of the cloud; but when the latter is discharged by the re¬ 
combination of its electricity with that of the earth—thus, when 
the discharge strikes a steeple—the induction ceases, and, the 
bodies reverting rapidly from the electric state to the neutral 
state, the concussion in question is produced—the return shock. 
A more gradual decomposition and reunion of the electricity 
produces no visible effects; yet it is not improbable that such 
disturbances of the electric equilibrium are perceived by nervous 
persons. 

The return shock is always less violent than the direct one ; there 
is no instance of its having produced any direct apparent inflamma¬ 
tion, yet plenty of cases in which it has killed both men and animals ; 
in such cases no broken limbs, wounds, or bums are observed. 

The return shock may be imitated by placing a gold-leaf electro¬ 
scope, the knob of which is connected by a wire with the ground, 
near the prime conductor of a powerful electric machine in action ; 
the leaves diverge, but at each spark taken from the machine 
they suddenly collapse. 

484. Lightning-conductor.—A lightning-conductor is a metallic 
rod attached to the side of a building, its upper end being carried 
above the highest point of the roof, and its lower end embedded in 
the ground. It was devised by Franklin m 1755 for the purpose of 
protecting buildings from the effects of lightning. It is usually 
made of iron or copper, in the form of rod or stranded wire or flat 
band, and terminates at the top in a point or series of points (fig. 
515). The conductor is usually led into a well, and to connect it 
better with the soil it ends in two or three branches, or is con¬ 
nected with a large plate of metal called an earth-plate. If there 
is no well close at hand, a hole is dug in the soil to a depth of six 
or seven feet, or to a depth at which the ground is moist, and, the 
plate of the conductor having been introduced, the earth is strongly 
rammed against it. Good connection with the earth, or what is 
called good earth, is of great importance with lightning-conductors. 

As the action of a lightning-conductor depends on induction 
and tie property of points, Franklin, as soon as he had esta¬ 
blished the identity of lightning and electricity, assumed that 
Egbtnmg-conductors withdrew electricity from the clouds; the 
converse is the case* When a storm-cloud, positively electrified, 
for instance, rises in the atmosphere, it acts inductively on the 
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earth, giving rise to a negative charge, which accumulates in bodies 
placed on the surface of the soil the more abundantly as these 
bodies are at a greater height. The electrostatic pressure is then 
greatest on the highest bodies, those, therefore, which are most 
exposed to the electnc discharge ; but if these bodies are provided 
with metal points, like the rods of conductors, the negative elec¬ 
tricity, withdrawn from the ground by the influence of the cloud, 
flows into the atmosphere, and neutralises the positive electricity 
of the cloud. Hence, not only does a lightning-conductor tend to 
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prevent the accumulation of electricity on the surface of the earth, 
but it also tends to lestore the clouds to their natural state, both 
which actions concur in pre\ eating lightning-discharges. This is, 
indeed, the manner m which the action of lightning-conductors 
comes most frequently into play, though not always. The dis¬ 
engagement of electricity is, however, sometimes so abundant that 
the lightning-conductor is inadequate to discharge the electricity, 
and the lightning strikes ; but the conductor receives the discharge, 
in consequence of its greater conductivity, and the building is 
preserved.. 
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A lightning-conductor should satisfy the following conditions : 
i. The rod ought to be so large as not to be melted if the discharge 
passes. 2. It ought to terminate in a point or in several points, to 
give readier issue to the electricity disengaged by induction from 
the ground. 3. The conductor must be continuous from the point 
to the ground, and the connection between the rod and the ground 
must be as intimate as possible. 4. If the building which is pro¬ 
vided with a lightning-conductor contains metallic surfaces of any 
extent, such as zinc roofs, metal gutters, or ironwork, these ought 
to be connected with the conductor, if the last two conditions are 
not fulfilled, there is a great danger of lateral discharges —that is 
to say, that the discharge takes place between the conductor and 
the edifice, and then it increases the danger. 

A very simple, and at the same time efficient, lightning- 
conductor may be easily fitted to any ordinary dwelling-house. It 
consists of a length of iron tubing an inch or more in diameter, 
which at the bottom is connected with the drains of the house, 
and projects above the highest point of the building, and which 
may, if desired, have a pointed rod attached to the top. 

The system of protection against lightning discharges intro¬ 
duced by Melsens is based on the principle that when any body is 

placed inside a sort 
of cage, formed of 
a network of metal 
wires in connection 
with the ground 
(439), the body is 
not acted on by 
electrified bodies 
placed outside the 
cage. 

This is effected 
by placing on the 
roof atid the outside of the building iron wires, which are con¬ 
nected, with each other, so as to form a network which is con¬ 
nected with the earth in many points (fig. 516). At the principal 
intersections of the conductors, and particularly on the ridge, are 
placed brushes formed of copper wire, through which the elec¬ 
tricity escapes. A similar arrangement is used for the protection 
pf powder magazines. 

48$- Aurora Ji borealis. —The aurora iorealis, or northern 
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light, or more properly polar aurora , is a remarkable luminous 
phenomenon which is frequently seen in the atmosphere at the 
two terrestrial poles, but more especially at the north pole (fig. 
517). At the close of the day an indistinct light appears on the 
horizon in the direction, not of the geographical, but of the mag¬ 
netic meridian. This luminosity gradually changes into a regular 
arc of a pale yellow, with its concave side turned towards the 
earth. Finally, the rays burst all over the horizon, passing succes¬ 
sively from yellow to deep green, and to the most brilliant purple, 
and forming a portion of an immense luminous cupola. 
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When the luminous arc is formed, it often remains visible for 
some hours ; then the lustre diminishes, the colours disappear, 
and this brilliant phenomenon gradually vanishes, or is suddenly 
extinguished. 

As the aurora shares the rotatory motion of the earth, it must 
be regarded as an atmospheric phenomenon. The constant direc¬ 
tion of its arc as regards the magnetic meridian, and its action on 
the magnetic needle (420), suggest that it ought to be attributed 
to electric currents in die higher regions of the atmosphere. This 

qQ2 
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hypothesis is confirmed by the circumstance that during the pre¬ 
valence of the aurora borealis electric telegraph lines are spon¬ 
taneously affected m a powerful but irregular manner; magnetic 
needles are deflected, the armatures of magnets attracted, and bells 
rung. This interference is at times so serious, especially in northern 
countries, that it is necessary to suspend the ordinary transmission 
of telegraphic messages. The discharges are, in fact, occasionally 
so steady and continuous as to form a true current of electricity, 
and cases are known m which the telegraphic wires have been 
detached from the battery, and the discharge has been used 
instead. 

Attempts to deduce the height of the aurora borealis have not 
led to consistent results Professor Lemstrom, director of the 
Finnish polar station, observed such phenomena below the clouds 
and on the tops of mountains. He even succeeded m artificially 
reproducing such phenomena on the tops of two mountains of 
Northern Finland, the heights of which were 2,620 feet and 3,620 
feet, by means of electric action. 

De la Rive ascribed aurorae boreales to electric discharges 
which take place in polar regions between the positive electricity 
of the atmosphere and the negative electricity of the terrestrial 
globe ; and in chapter xu an experiment will be described which 
De la Rive devised in support of this hypothesis (559) 

486, St. Elmo's fire.—This name is given by sailors to the 
luminous brushes or stars which sometimes appear at the tops of 
masts and yards of vessels, the tops of trees, of church steeples, of 
flagstafls, and of weather vanes, and which are often accompanied 
by a crackling sound, resembling that heard when sparks are taken 
from electric machines. 

Similar effects are not unfrequently met with in the Alps on 
travellers’ umbrellas and alpenstocks, and even on the hair and 
the clothes. They are also sometimes seen at night, and, in stormy 
weather, on the points of lightning-conductors 

These luminous effects were known to the ancients. Phny 
speaks,of the fiery stars seen on the ends of soldiers’ lances. 
When they were two in number they were compared to Castor 
and Pollux, and that was a favourable presage ; if only one ap¬ 
peared, it was likened to their sister Helena, which was considered 
to be a bad omen. 

St Elmo’s fire is a simple case of induction. The atmospheric 
electricity acting on conductors decomposes the neutral electricity, 
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attracting the contrary electricity, which from the power of points, 
being liberated at the extremities of the masts, or by the metal of 
the lances, gives rise to the luminous brush. The same effect is 
observed from a metal point on the conductor of the electric 
machine, when it is made to work in darkness. 

487. Atmospheric electricity on the Pyramids. —Some curious 
observations were made by Siemens on the summit of the Cheops 
pyramid during the prevalence of the kaitinn (309). On stretch¬ 
ing his finger out a peculiar hissing sound was heard, and at the 
same time a prickly sensation was felt. On holding in one hand 
a filled champagne bottle, the cork of which was coated with tin- 
foil, the same sound was heard, and sparks continually passed 
from the label to the hand which held the flask, and when Siemens 
touched the top with the other hand he experienced a powerful 
shock. 

In this case the liquid which was in conducting communi¬ 
cation with the cork formed the inner coating of a Leyden jar, 
the outer coating of which was formed by the label and by the 
hand. 

When the jar was improved by coating it with moistened paper, 
it gave such powerful discharges, with a striking distance of half 
an inch, that an Arab who held Siemens’s hand was thrown to the 
ground as if struck by lightning when Siemens presented the 
bottle to his nose. 
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chapter VII 

ELECTRICITY DUE TO CHEMICAL ACTION. VOLTAIC BATTERY 

488. Galvani’s experiment.— We have already seen that the 
two most powerful sources of electricity are friction and chemical 
action. Having described the former, we are now to be concerned 
with the latter. Yet it may be premised that we are not concerned 
here with a new kind of electricity, but only with another method 
for its production yielding far larger quantities than can be ob¬ 
tained by friction, and leading to the most remarkable effects. 

To Galvani, professor of anatomy in Bologna, is due the dis¬ 
covery in 1790 of these new electric phenomena, to which he 

was led by a casual observation. It 
is said that a dead frog was acciden¬ 
tally suspended by a copper hook 
to the iron railings of a balcony ; it 
was observed to be violently con¬ 
tracted whenever the legs of the ani¬ 
mal came into contact with the iron 
bars. 

Galvani’s observation may be re¬ 
produced in the following manner : 
the legs of a recently killed frog are 
prepared, and suspended to a copper 
hook, which passes between the ver¬ 
tebral column and the nerve filaments 
on each side of it If then the copper support and the legs are 
momentarily connected by a plate of zinc, a smart contraction of 
the muscles ensues at each contact (fig. 518). Galvani had some 
time before observed that the electricity of machines produced in 
dead frogs analogous contractions, and he attributed the pheno¬ 
mena first described to an electricity inherent in the animaL He 
assumed that this electricity, which he called vital flvid, passed 
from rite nerves to the muscles by the metallic arc, and was thus 



Fig. 518- 
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the cause of contraction. This theory met with great support, 
especially among physiologists, but it was not without opponents. 
The most considerable of these was Alexander Volta, professor of 
physics in Pavia. 

489. Volta’s fundamental experiment— Galvani’s attention had 
been exclusively devoted to the nerves and muscles of the frog, 
Volta’s was directed upon the connecting metal. Resting on the 
observation, which Galvani had also made, that the contraction is 
more energetic when the connecting arc is composed of two metals 
than when there is only one, Volta attributed to the metals the 
active part in the phenomenon of contraction. He assumed that 
the disengagement of electricity was due to their contact, and that 
the animal parts only officiated as conductors, and at the same 
time as a very sensitive electroscope. 

By means of the then recently invented condensing electro¬ 
scope, Volta devised several modes of showing the disengagement 
of electricity on the contact of metals, of which the following is 
the easiest to perform :— 

The moistened finger being placed on the upper plate of a con¬ 
densing electroscope (fig. 492), the lower plate is touched with a 
plate of copper, c, soldered to a plate of zinc, z, which is held in 
the other hand. On breaking the connection and lifting the upper 
plate (fig. 493), the gold leaves slightly diverge, and, as may be 
proved, with negative electricity. Hence, when zinc and copper 
are soldered together, the copper is charged with negative elec¬ 
tricity, and the zinc with positive. The electricity could not be 
due either to friction or pressure ; for if the condenser plate, which 
is of copper, is touched with the zinc plate, s, the copper plate to 
which it is soldered being held in the hand, no trace of electricity 
is observed. 

A memorable controversy arose between Galvani and Volta. 
The latter was led to give greater extension to his contact theory, 
and propounded the principle that when two heterogeneous sub¬ 
stances are placed in contact , one of them always assumes the posi¬ 
tive and the other the negative electric condition. In this form 
Volta’s theory obtained the assent of the principal philosophers of 
his time. 

490. Voltaic pile.—Reasoning from this theory of contact, 
Volta was led in 1800 to the invention of the marvellously 
simple apparatus which immortalised him and which is known 
to this day as the Voltaic pile. Wishing to multiply the points of 
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contact, and to collect the electricities produced by each, Volta 
arranged, as represented in fig. 519, a disc of zinc, a disc of 
copper, then a round piece of doth moistened with acidulated 
water, then again a disc of zinc, a disc of copper, a piece of cloth, 



Fig. 519 


and so forth, care being taken always to 
preserve the same order. What was to 
be expected from such a combination ? 
Arago says : ‘ I do not hesitate to assert 
that this mass, so inert in appearance, 
this pile of so many couples of metal 
separated by a little liquid, is, as regards 
the singularity of its effects, the most 
remarkable instrument which has ever 
been invented, not even excepting the 
telescope and the steam-engine.’ 

On Volta’s view the union of one zinc 
and one copper forms a couple ; m the 
annexed figure twenty couples are super¬ 
posed, separated from each other by 
pieces of cloth, and all arranged in the 
same order, so that the zinc at the top 
is positive and the copper at the bottom 


negative. Since its invention it has been 


greatly modified ; but the general name of pile is still frequently 
used for apparatus of the same kind, and the electricity thus 
furnished is spoken of as voltaic or galvanic electricity in honour 
of the discoverers. 


491. Production of electricity by chemical action.—The contact 
theory which Volta had propounded, and in which he explained 
the action of the pile, soon encountered objectors. Fabroni, a 
countryman of Volta, having observed that in the pile the discs of 
zinc became oxidised in contact with the acidulated water, thought 
that this oxidation was the principal cause of the disengagement 
of electricity. In England, Wollaston soon advanced the same 
opinion, and Davy supported it by many ingenious experiments. 

It is true that in the fundamental experiment of the contact 
theory (489) Volta obtained signs of-electricity. But De la Rive 
showed that if the zinc be held in a wooden clamp all signs of 
electricity disappear, and that the same is the case if the zinc be 
placed in gases, such as hydrogen or nitrogen, which exert upon 
it no chemical action. De la Rive accordingly concluded that in 
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Volta’s original experiment the disengagement of electricity is due 
to the chemical actions which result from the perspiration and 
from the oxygen of the atmosphere. It must be admitted that the 
question as to the origin of electricity in the voltaic pile is still an 
open one. 

By a variety of analogous experiments it may be shown that all 
cases of chemical action are accompanied by a disturbance of the 
electric equilibrium. This is the case whether the substances 
concerned in the action are in the solid, liquid, or gaseous state, 
though of all chemical actions those between metals and liquids are 
the most productive of electricity. All the resultant effects may 
be explained on the general principle that when a liquid acts 
chemically on a metal the liquid assumes the positive electric, 
and the metal the negative electric, condition. 

Hence we arrive at a theory of the origin of electricity in the 
voltaic pile which will be best illustrated by reference to the follow¬ 
ing simple experiment. 

492. Current electricity.—When a plate of zinc and a plate 
of copper, each with a wire attached, are partially immersed in 
dilute sulphuric acid without touching each other, it may be shown 
by a delicate condensing electroscope that the wire attached to 
the zinc plate possesses a feeble charge of negative, and that 
attached to the copper plate a feeble charge of positive, electricity. 
There will be no apparent chemical action if the zinc is pure, or is 
commercial zinc amalgamated with mer¬ 
cury. If now the plates are placed in 
contact, either directly or by means of the 
attached' wires, chemical action begins 
and hydrogen is given off in large quan¬ 
tities from the surface of the copper 
(fig, 520) ; and if the connecting wire be 
examined it will be found to possess the 
remarkable properties characteristic of 
the discharge of opposite electricities— 
the heating, the magnetic, the magnetising, Fig. 5 ,a 

the luminous effects. So long as the metals remain in the liquid, 
the opposite electric conditions of the two plates discharge them¬ 
selves by means of the wire, but are instantaneously restored, and 
as rapidly discharged ; and, as these successive charges and dis¬ 
charges take place at such infinitely small intervals of time that 
they may be considered continuous, the wire is said to be traversed 




602 


Voltaic Electricity [49ft- 

by an electric or voltaic current. The direction of this current 
in the connecting wire is assumed to be from the copper to the 
sine, and in the liquid from zinc to copper; or, in other words, 
this is the direction in which the positive electricity flows, the 
direction of the negative current in the wire being from the zinc to 
the copper. 

493. Identity of frictional and voltaic electricity. —In speaking 
of frictional and voltaic electricity, we must not be considered as 
implying that there is any essential distinction between them. 
There is only a difference in the mode in which the electricity mani- 
/ests itself. In the former we have effects due to stationary charges, 
so that it is often called static electricity ; in the latter we deal with 
the effects of a continuous flow, and thus we call it dynamic electri¬ 
city. Frictional and voltaic electricity differ in degree and not 
in kind ; an electric current may be regarded as a succession 
of electric discharges, and conversely an electric discharge may 
be regarded as a current of extremely short duration. All the 
effects which can be produced by frictional electricity can also be 
produced by dynamic electricity, and conversely all the effects 
which we shall afterwards describe as producible by voltaic elec¬ 
tricity can likewise be produced by frictional electricity. The 
practical distinction between them is that just those effects which 
are most easily produced in the one way are most difficult to pro¬ 
duce in the other. Thus, for instance, the simplest of all experi¬ 
ments in frictional electricity is that by which we demonstrate the 
existence of a state of electrification, the attraction of light bodies 
when a stick of sealing-wax is rubbed. The attraction of bodies 
can indeed be shown by voltaic electricity, but it requires the 
association of a great number of cells to produce even a very 
slight deflection in a delicately suspended pith ball. On the other 
hand, the deflection of a magnetic needle is, as we shall see, the 
simplest way of showing the existence of a voltaic current, and can 
be effected by the crudest apparatus. A magnetic needle can in¬ 
deed be deflected by means of an electric machine, but it requires 
special precautions, and a delicate galvanometer (521). The pro¬ 
duction of the electric spark is one of the simplest experiments ; 
with a small electric machine a spark of two centimetres in length 
is eafsily produced. To produce a spark a millimetre long by 
means of a voltaic battery it would be necessary to employ not less 
than 4,000 cells. 

494. Voltaic couple. Electromotive series.— The arrange- 
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ment lately described, consisting of two metals and a conducting 
liquid in which they are placed, constitutes a simple voltaic clement 
couple , or cell. So long as the metals are not in contact, the circuit 
is said to be open ; when they are connected, either by being placed 
in direct contact or by the intervention of a conductor, it is said to 
be closed. 

For the production of a voltaic current it is not necessary that 
one of the metals be unaffected by the liquid, although it is best so, 
but merely that the chemical action upon the one be greater than 
upon the other. The metal which is most attacked is called the 
positive or active plate, and that which is least attacked the 
negative or inactive plate. The positive metal determines the 
direction of the current which proceeds in the liquid from the posi¬ 
tive to the negative plate, and out of the liquid through the con¬ 
necting wire from the negative to the positive plate. 

In speaking of the direction of the current, the positive current 
is always understood ; to avoid confusion, the existence of the 
current in the opposite direction, the negative current, is tacitly 
ignored. 

As a voltaic current is produced whenever two metals, placed 
in a liquid which acts more powerfully upon one than upon the 
other, are connected by a conductor, there is great choice in the 
mode of producing such currents. In reference to their electric 
deportment, the metals have been arranged in what is called an 
electromotive series, in which the most electropositive are at one 
end, and the most electronegative at the other. Hence, when any 
two of these are placed in contact in dilute acid, the current in the 
connecting wire proceeds from the one lower in the list to the one 
higher. The principal metals are as follows :— 

1. Zinc. 4. Nickel. 7. Gold. 

2. Lead. 5. Copper. 8. Platinum. 

3. Iron. 6. Silver. and 9. Graphite (non-metal). 

Thus iron placed in dilute sulphuric acid is electronegative 
towards zinc, but is electropositive towards copper ; copper, in 
turn, is electronegative towards iron and zinc, but is electropositive 
towards silver, platinum, or graphite. O 

The force due to the difference in the chemical action of a liquid 
upon two metals placed in it is called the electromotive force erf the 
cell so formed. The terminal connected with the less active plate 
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is at a higher potential than that connected to the more active 
plate, and the electromotive force of the cell is equal to the difference 
of potential between the terminals, and is greater in proportion to 
the distance of the two metals from one another in the series. 
That is to say, it is greater the greater the difference between the 
chemical action upon the two metals immersed. Thus, the electro¬ 
motive force of a cell formed of zinc and platinum is greater than if 
zinc and iron, or zinc and copper, were employed. 

The electromotive force of a cell depends on the nature of the 
metals and of the liquid, and not at all on their dimensions ; 
that is, the electromotive force of a zine-copper-sulphuric-acid 
cell is the same whether the metals be in the form of thin wires 
or large plates ; just as the pressure of water at any point is 
proportional to the depth of this point below the surface and 
not to the mass (90). Indeed, we may pursue this parallel 
further, and show many such analogies between electric and 
hydrostatic phenomena ; just as a difference of level in the liquid 
in two communicating vessels determines the flow, so in like 
manner it is a difference in electric level which gives rise to those 
phenomena which we call motion of electricity. 

495. Pole* and electrode*.—If the wire connecting the two 
terminal plates of a voltaic couple is cut, it is clear, from what has 
been said about the origin and direction of the current, that posi¬ 
tive electricity will be found at the end of the wire attached to the 
copper plate, and negative electricity on the wire attached to the 
zinc plate. These terminals are called the poles of the battery. 
For experimental purposes, more especially in the decomposition 
of salts, plates of platinum are attached to the ends of the wires. 
Instead of the term ‘pole,’ the word electrode (ijXtKrpov and a 
way) is now commonly used, for these are the ways through which 
the respective electricities emerge. It is important not to confound 
the positive plate with the positive Pole. The copper terminal of 
a zinc-copper-acid cell is the positive pole, the zinc terminal the 
negative pole; and the current flows in the connecting wire from 
copper to zinc and in the acid from zinc to copper. 

496, Voltaic battery. —When a series of voltaic cells are 
arranged in such a manner that the zinc of one cell is con¬ 
nected jwith the copper of another, the zinc of this with the copper 
of another, and so on, such an arrangement is called a voltaic 
batteryy and by its means the effects produced by a single cell are 
capable of being very greatly increased. 
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The earliest of these arrangements was the voltaic pile devised 
by Volta himself (490). 

It will be readily seen that this is merely a series of simple vol¬ 
taic couples, the disc of moistened cloth acting as the liquid, and that 
the terminal zinc is the negative and the terminal copper the positive 
pole. The double plates at top and bottom are unnecessary, and the 
removal of the terminal zinc and copper plates does not affect the 
electromotive force of the pile, which depends only upon the number 
of discs of moistened cloth. From the mode of its arrangement, 
and from its discoverer, the apparatus is known as the voltaic pile 
(490), a term applied to all apparatus of this kind for accumulating 
the effects of dynamic electricity. 



The distribution of electricity in the pile varies according as it 
is m connection with the ground by one of its extremities, or as it 
is insulated by being placed on a non-conducting cake of resin or 
glass. . 

In the former case, the end in contact with the ground is at 
zero potential, and the rest of the apparatus only contains one 
kind of electricity, the potential increasing (numerically) f roni !h e 
earthed pole to the free pole ; this is negative if a copper disc is in 
contact with the ground, and positive if it is a zinc disc. 

If the pile is insulated the electricity is not uniformly distributed. 
By means of the proof-plane and the condensing electroscope 
(468) it may be demonstrated that the middle part is in a neutral 
« state or at zero potential, and that one half is charged with positive 
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and the other with negative electricity, the potential increasing 
numerically from the middle to the ends. The half terminated by 
a tine is charged with negative electricity, and that by a copper 
with positive electricity. The difference of potential between the 
poles, that is, the electromotive force of the battery, is the same 
whether the battery is insulated or not. The effects of the pile will 
be discussed in other places. 

The original form of the voltaic pile possesses now only an 
historic interest, for it has a great many inconveniences; among 
these is the fact that the weight of the discs of zinc and copper is 



Fig. 523. 


so great that it presses out the acidulated liquid from the discs, 
and the electric action is soon weakened. The pile has received a 
great many improvements, the principal object of which has been 
to facilitate manipulation, to produce greater electromotive force 
(494), and to lessen the resistance. 

One of tbe earliest of these modifications was the crown of 
cups, or couronnt des tosses, invented by Volta himself; an im¬ 
proved form of this is known as Wolios tods battery (fig. 521). 

Fig* Sal-gives a vertical section of two consecutive Wollaston’s 
ceils. Thsiaetals are zinc and copper, and the liquid acidulated 
pttor. j-jB ylfl fcaa represents the arrangement of one of these 
cotn^eS t ^ cansisU of a thick sheet of zinc, Z, and a strip of copper, 
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0, by which the zinc can be connected with the next cell A plate 
of copper, CC, is bent so as to surround the plate of zinc without 
touching it, contact being prevented by small pieces of cork. The 
plate, C, is provided with a copper tongue, o’ , which is soldered to 
the zinc of the next cell, and so forth. 

Fig. 523 represents a battery of sixteen such cells united in two 
parallel series of eight each. All the metals are fixed to a cross 
frame of wood, by which they can be raised or lowered at pleasure. 
When the battery is not wanted, the metals are lifted out of the 
liquid. The water in these vessels is usually acidulated with ^ 
sulphuric and nitric acid. 

497. Enfeeblement of the current produced by batteries.—The 

batteries already described, which consist essentially of two metals 
and one liquid, labour under the objection that the currents pro¬ 
duced rapidly diminish in intensity. 

This is principally due to three causes. The first is the decrease 
in the chemical action owing to the neutralisation of the sulphuric 
acid by its combination with the zinc. This is a 
necessary action, for upon it depends the current; it 
therefore occurs in all batteries, and is without remedy, 
except by replacement of acid and zinc. The second 
is due to what is called local action. Suppose, for 
example, that we have a plate of perfectly pure zinc 
placed in dilute acid (fig. 524), the plate being varnished 
so that it is not acted on by the acid ; and suppose 
now in the point a a piece of the protecting varnish 
scratched away, while a small steel point is driven in 
at b. We have here all the conditions for the produc¬ 
tion of an electric current : two different metals in 
metallic connection in a liquid which acts upon them unequally ; 
the effect is that a current is produced from a to b through the 
liquid, and from b to a through the zinc itself, and the zinc at a is 
eaten away. 

In effect all ordinary zinc contains metallic impurities, such as 
lead and iron, which realise the above conditions, forming innu¬ 
merable local currents, and which rapidly wear away the active plate 
without contributing anything to the general current. They are 
remedied by amalgamating the zinc with mercury. The process 
of amalgamation is as follows. The zinc plate is rubbed over with 
a piece of flannel soaked in dilute acid, and a few drops of mercury 
poured oyer the cleaned metal. The mercury rapidly spreads and 
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combines with the zinc, forming: a bright amalgam. Amalgamated 
zinc behaves in the cell exactly like pure zinc: that is, no local 
currents are formed, there is no local action. The third and most 
important cause of the enfeeblement of the action of the cell is what 
is called the polarisation of the inactive plate. In the fundamental 
experiment (fig. 520), when the circuit is dosed zinc sulphate is 
formed, which dissolves in the liquid, and at the same time a layer 
of hydrogen gas is deposited on the surface of the copper plate, 
which is then said to be polarised. Now, it has been found that 
the hydrogen deposited in this manner on metallic surfaces acts 
for more energetically than ordinary hydrogen. 

- This active hydrogen is more electropositive than zinc, and 
therefore acts towards zinc as zinc itself acts towards copper. 
Thus, as soon as hydrogen begins to be deposited on the copper 
plate there is set up an electromotive force opposed to the mam 
electromotive force of the cell, the effective electromotive force 
being the difference of the two. Hence the current which flows in 
the circuit must dimmish, for the current is proportional to the 
electromotive force, just as the flow of water in a pipe is pro¬ 
portional to the hydrostatic pressure. 

498. Constant cells.—The serious objections to the use of what 
are called single fluid cells have led to their abandonment, and 
they are now generally replaced by two fluid cells, or those with 
two liquids, which are also called constant cells, because their 
electromotive force is without material alteration for a considerable 
period of time. The essential point to be attended to in securing 
constant electromotive force is to prevent the polarisation of the 
inactive metal; in other words, to hinder any permanent deposition 
of hydrogen on its surface. This is effected by placing the inactive 
metal in a liquid upon which the hydrogen can act chemically. 

No cell is known whose electromotive force (generally written 
E.M.F.) is strictly constant under all conditions. A cell or battery 
is commonly spoken of as constant when, after it has been in action 
for several hours, its E.M.F. has undergone only a small percentage 
diminution. 

499. Darnell's cell.—This was the first form of the constant 
cell, andwas invented by Daniel) in the year 1836. As regards 
the cpnstancy of its action, it is still the best of all constant 
battw|es. Fig. $25 represents the ordinary French form of a 
B^j&foeJl. A glass or porcelain vessel, V, contains a saturated 

<rf copper sulphate, in which is immersed a copper 
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cylinder, C, open at both ends and perforated by holes. At 
the upper part of this cylinder there is an annular shelf, G, also 
perforated by small holes, and below the level of the solution: 
this is intended to support crystals of copper sulphate to replace 
that decomposed as the electric action proceeds. Inside the 
cylinder is a thin porous vessel, P, of unglazed earthenware. This 
contains either a solution of common salt or dilute sulphuric acid, 
in which is placed the cylinder of 
amalgamated zinc, Z. Two thin strips 
of copper, p and n, fixed by binding 
screws to the copper and to the zinc, 
serve for connecting the cells in series. 

When the circuit of a Darnell’s cell 
is closed, the hydrogen which results 
from the action of the dilute acid on 
the zinc, before it can reach the copper 
plate, meets the copper sulphate, which 
it reduces, with the formation of sul¬ 
phuric acid and metallic copper, the 
copper being deposited on the surface 
of the copper plate. In this way the 
copper sulphate in the solution is taken 
up, and, if it were all consumed, hydrogen would be deposited on 
the copper, and the current would lose its .constancy. This is 
prevented by the crystals of copper sulphate, which keep the 
solution saturated. The sulphuric acid produced by the decom¬ 
position of the sulphate permeates the porous cylinder, and tends 
to replace the acid used up by its action on the zinc ; and as the 
quantity of sulphuric acid formed in the solution of sulphate of 
copper is regular and proportional to the acid used in dissolving 
the zinc, the action of this acid on the zinc is regular also, and 
thus a constant current is maintained. 

The construction of the Darnell cell may be simplified, and the 
outer vessel of glass or porcelain dispensed with, by making the 
copper plate serve as the containing vessel. When used m this 
way it has a narrow perforated ledge near the top for copper 
sulphate crystals, and the porous pot just fits inside this. The 
copper vessel must be carefully made, and the solder used for 
brazing protected from the action of the liquid in the cell, otherwise 
local currents are set up, the more oxidisable metal is eaten away, 
and the vessel begins to leak. 
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500. Min otto’3 cell. Gravity battery. —We may mention here 
two cells which are modifications of that of Daniell, and which are 
remarkable for their economy and the facility with which they are 
constructed. The object is to get rid of the porous pot, the use of 
which is attended with numerous drawbacks. 

The Minotto cell (fig. 526) consists of a glass or earthenware 
vessel, at the bottom of which is a copper disc, to which is riveted 
an insulated copper wire. This is surrounded by a thick layer of 
crystals of sulphate of copper, and on the latter a flannel disc is 
placed. Next comes a thick layer of sawdust, and on this rests a 
round zinc block, to which a wire is attached. The sawdust is 
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soaked in water to which a few drops of acid have been added and 
the excess of water squeezed out. There is thus a solution of 
copper sulphate at the bottom, and one of acidulated water at the 
top. When the circuit is dosed by connecting the poles of the 
cell, an action is set up which is identical with that of the ordinary 
Daniell. For arrangement in battery the zinc block is cast on to 
the wire from the copper plate. This battery is largely used for 
testing the fuses used in firing guns, exploding mines, etc., as its 
E.M.F. is constant and its resistance may be made very large by 
squeezing the moisture out of the sawdust 

Another form is known as the gravity battery , in which the 
poratus thjpbragm is altogether dispensed with. The form de- 
{Mrtgtpffi fig. 527 is that of CallanA The copper plate, in this 
ijspia spiral copper band, provided with an insulated wire, C, is 
|y^rsed m a saturated solution of copper sulphate, while on the 
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top of this a solution of tine sulphate floats in consequence of 
its lower specific gravity. The zinc block rests, by means of lugs, 
on the top of the vessel. When the terminal wires are connected, 
action is at once set up. 

Such elements as these cannot he moved about, for otherwise 
the liquids would mix, metallic copper would be deposited on the 
zinc plate and give rise to local action. But they are well adapted 
for working heavy telegraph lines in permanent stations, and aie 
largely used in France and in Austria. 

501. Bunsen's cell.— Bunsen's cell was invented in 1843 : it is in 
effect a Daniell's cell, in which nitric acid is substituted for solution 
of copper sulphate, and in which copper is replaced by a cylinder 



Fig. 528 


of carbon. This is made either 01 the graphitoidal carbon de¬ 
posited in gas retorts, known as gas graphite , or by calcining in an 
iron mould an intimate mixture of coke and bituminous coal, 
finely powdered and strongly compressed. Both these modifica¬ 
tions of carbon are good conductors. Each cell consists of the 
following parts: I, a vessel, F (fig. 328), either of stoneware or 
of glass, containing, as in Daniell’s, dilute sulphuric acid ; 2, a 
hollow cylinder, Z, of amalgamated zinc ; 3, a porous vessel, V, in 
which is strong nitric acid ; 4, a cylinder of carbon, C, prepared in 
the above manner. In the vessel F the zinc is first placed, and in 
it the porous pot containing the carbon, as seen in P. To the 
carbon is fixed a binding screw, m (fig. 529), to which a copper 
wire is attached, forming the positive pole. The zinc is provided 
with a similar binding screw, ». 
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In Bunsen’s cell the hydrogen resuhjng from the action of the 
dilute sulphuric acid on the sine makes its way towards the surface 



tetrpxide), which dissolves, or is disengaged as reddish- 
hMigj fumes, And, though the hydrogen is most completely 
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oxidised by the nitric acid, the action of these nitrous fumes is 
very noxious. They may, however, be almost completely got rid 
of by adding to the vessel containing the nitric acid a small 
quantity of powdered potassium bichromate. 

The cells are arranged to form a battery (fig. 529) by connecting 
each carbon to the zinc of the following one by means of the 

clamps, mn, and a strip of copper, c, represented in the top of 

the figure. The copper is pressed at one end between the carbon 
and the clamp, and at the other it is soldered to the clamp », 
which is fitted on the zinc of the following element, and so forth. 
The clamp of the first carbon and that of the last zinc are 
alone provided with binding screws, to which are attached the 
wires. 

502. Grove’s cell. —This differs from Bunsen’s in form and in 

the substitution of platinum for carbon ; otherwise the two cells 
are identical, and the chemical action is the same in both. Fig. 
530, A, shows the arrangement. A rectangular sheet of platinum 
fod, D, is supported in a narrow porous pot, C, containing strong 

nitric acid. The zinc plate, B, is bent in the form of a U, and 

the flat porous pot placed between its two branches. The outer 
vessel, which contains the dilute sulphuric acid, is made of glass or 
glazed earthenware or vulcanite, a combination of india-rubber and 
sulphur, also called hard rubber. 

The Grove cell and the Bunsen cell have practically the same 
E.M.F. The Grove is the more expensive on account of the 
platinum in it; but it is more compact and convenient to mani¬ 
pulate than the Bunsen. 

503. J-eclanchg's battery.—Each cell (fig. 531) consists of a 
slab of carbon, L, placed in a porous pot, which is then tightly 
packed round with a mixture of pyrolusite (peroxide of manganese) 
and coke, M. The porous pot is contained in an outer vessel, G, 
in which is a rod of the electropositive metal zinc, Z. The 
exciting liquid is a solution of sal-ammoniac. 

The essential part of the action is as follows :—The hydrogen 
which results from the action of the zinc and sal-ammoniac coming 
in contact with the manganese peroxide combines with some of its 
oxygen with the formation of water, and so the carbon plate is 
saved from polarisation, for the hydrogen ceases to exist as such. 
When the action is very rapid, or, in other words, when the strength 
of the current exceeds a certain limit, the hydrogen is produced 
faster than it can be disposed of, and accumulates round the carbon 
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plate, and, in consequence, the E.M.F. of the cell rapidly fells. 
But if the cell is left on open circuit, the hydrogen is gradually 
oxidised and the cell recovers its original E.M.F. Leclanchd cells 
are extremely useful for electric bells, firing mines, and other 
purposes where a tolerably strong current is wanted intermittently 
They are not constant in the sense in which the Darnell and the 
Grove cells are constant, for their E M F runs down when they 
are kept on short circuit, but they have the merits of poitability, 


n 



Fig 531 Fig 532 


cleanliness, and cheapness The E M F is intermediate between 
those of Grove and Darnell 

504. The Bichromate cell may be mentioned as one which may 
be u^ed when a high electromotive force is required for a compara¬ 
tively short time. Carbon and zinc are the solid elements used m 
it, and the liquid is a mixture of strong sulphuric acid and saturated 
solution of potassium bichromate. It is, like the Leclanchd, a one- 
fluid cdL The hydrogen, due to the solution of the zmc m the 
actf^is oxidised by the bichromate, and as it is thus prevented 
from polarising the carbon plates the cell preserves its E.M.F. for 
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some time. The amalgamated zinc plate is embraced on its two 
sides by slabs of gas carbon wfiich are in metallic connection with 
each other, but insulated from the zinc. The zinc plate is attached 
to a rod which slides in a tube (fig. 533) and enables the plate to 
be immersed in the liquid and to be withdrawn when the cell is 
not in use. The E.M.F. of this cell is about 10 per cent, higher 
than that of the Grove or Bunsen. 
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505. Latimer Clark cell. —This cell is intended as a standard 
of E.M.F., and not as a means of producing an electric current. 
Fig. 534 illustrates the usual form. The glass cell, about 4 inches 
high and 14 inch in diameter, contains mercury at the bottom, 
and on this a paste of mercurous sulphate (Hg,S 0 4 ). The electro¬ 
positive element is pure zinc, which dips into a saturated solution 
of zinc sulphate. The E.M.F. of this cell is i'434 volt (507) at 
15° C. All cells made up with the above materials, carefully pre¬ 
pared, are found to have the same E.M.F., which remains constant 
so long as the cell is not short-circuited. 

506. Zamboni’s dry battery. —A dry battery is one each cell of 
which consists of two solid substances separated by a sheet of 
paper, which, though apparently dry, contains ordinarily a certain 
amount of moisture. A Zamboni’s dry battery is constructed as 
follows : a sheet of paper is smeared over with a thin layer of 
finely powdered manganese peroxide, and discs about an inch in 
diameter punched out of it. Similar discs are punched from a 



fi>*6 Voltaic Electricity {9M- 

sbeet of tinfoil The discs, alternately tinfoil and paper, are 
built «p into a pile of about a thousand, tightly pressed together 
and terminated by suitable metal pieces which serve as poles. 
Such a battery has a high electromotive force, the electrification 
on its poles being sufficient to attract and then repel a pith ball 
(430), but on account of its high resistance the current derived 
from it is very minute. The pole connected with the manganese 
peroxide is the positive, the tinfoil terminal being the negative 
pole. 

507. Electromotive force, current, resistance.—When the poles 
of a battery are conducted by a conductor of any kind and 
an electric current flows through it, electricity goes round and 
round the circuit. The cause of the flow of electricity is the 
electromotive force of the battery, and for a given E.M.F. the 
quantity of electricity which passes any section of the circuit in 
one second (which is called the strength of the current) depends 
upon the opposition which the current meets with, either m the 
battery itself or m the conductors by which its poles are connected. 
We have thus three things to think about m contemplating an 
electric circuit : (1) the E.M.F., which is the cause of the flow of 
electricity ; (2) the strength of the curient; and (3) the resistance 
of the circuit, which is conveniently divided into internal resist¬ 
ance (that of the battery) and external resistance. The strength 
of the current is greater the greater the E.M F. and the less the 
opposing resistance. 

The unit of electromotive force is a volt. The E M.F. of the 


cells given below are expressed m terms of a volt. 


Cell. 

E.M.F. 

Cell. 

E.M.F. 

Zinc-acid-copper 

•5 to 8 

Latimer Clark 

J ’434 

Daniel! 


Grove t 

fS 5 

Minotto 

i-i 

Bunsen ' 

Gravity Darnell J 
Leclanchd 

1 ' 45 _ 1 ' 5 ° 

Bichromate 

200 


The unit of resistance is called an ohm. An ohm is defined as 
the resistance of a column of mercury 106*3 centimetres long and 
i sq. millimetre in cross section, but it may be realised in any 
material For instance, 76 yards of copper wire, No. 18 S.W.G , 
has a resistance of one ohm. As copper conducts electricity about 
44 times as well as German silver, only about si yards of wire of 
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the same gauge of the latter material would be required to offer a 
resistance of one ohm. The resistance of a wire varies directly as 
its length and inversely as its cross section ; it also depends upon 
the material of the wire. The specific resistance of a material is 
the resistance in ohms of a centimetre cube of the material between 
opposite faces. The specific conductivity of a material is the 
reciprocal of its specific resistance. The resistance of a voltaic 
cell is less the larger the area of the plates and the closer they are 
together. It depends also upon the conductivity of the liquid or 
liquids by which the plates are separated. The E.M.F. of a cell 
is independent of its size ; thus the E M.F. of a Darnell cell is 
ri volt, whether the cell be as small as a thimble or as large as a 
barrel. But its internal resistance is a function of its size. The 
E.M.F. of a cell is the only definite thing about it, and whether 
the current it produces when its poles are joined is large or small 
depends solely upon the internal and external resistances in the 
circuit. 

The unit quantity of electricity is called a coulomb. When the 
conditions are such that one coulomb passes any cross section of 
the circuit m each second, the strength of the current is said to be 
one ampere. This is the unit of current. 
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CHAPTER VIII 

EFFECTS OF THE VOLTAIC CURRENT 

508. Physiological effects.—The remarkable phenomena due 
to electric currents may be classed under the heads physiological, 
chemical, mechanical, and physical effects ; and these latter may 
be again subdivided into the thermal, luminous, and magnetic 
effects. 

When the terminals of a battery are grasped by the two hands, 
the current, unless the battery consists of a very’ large number of 
cells, is feeble, on account of the large resistance of the human 
body. The chief part of this resistance is in the skin, and if the 
hands are moistened with acidulated or saline water, the skin 
resistance is much diminished and a stronger current passes 
through the body. In these circumstances a decided shock is 
experienced at the moment of grasping the terminals, and a tingling 
sensation is felt in the arms and hands so long as the current flows. 
But the chief physiological effect is noticed at the moment when 
the terminals are laid hold of, or let go ; that is, when the current 
strength is changing. 

A small E.M.F. when applied to the parts over the eye produces 
a luminous effect ; in the neighbourhood of the ears a rushing 
sound ; and when the two poles are placed on the tongue the 
positive has an acid and the negative an alkaline taste. This, 
indeed, is a convenient test for the conditions of a current Sensi¬ 
tive plants are also affected when the terminals of a battery con¬ 
sisting of a large number of cells are applied to them. 

509. Heating effects.—When a voltaic current is passed through 
a metal wire, the wire becomes heated and even incandescent if it 
is very short and thin. With a powerful battery all metals are 
melted, even iridium and platinum, the least fusible of metals 
Carbon is the only body which hitherto has not been fused 
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Fine wires of lead, tin, zinc, copper, gold, silver, iron, and 
platinum may be melted by sufficiently strong currents, and even 
volatilised, with differently coloured sparks. Iron and platinum 
burn with a brilliant white light; lead with a purple light; the 
light of tin and of gold is bluish white ■ the light of zinc is a 
mixture of white and gold ; copper and silver give a green light. 

The law which expresses the relation between the heating effect 
in a voltaic circuit, and the strength of the current and resistance 
of its various parts, has been investigated by Joule and is generally 
known by his name. 

Joule showed that the amount of heat produced in a circuit 
varies as the square of the strength of the current, as the resist¬ 
ance of the circuit, and, of course, as the time. In the case of any 
little bit of the circuit the heat per unit of time varies as the 
lesistance of that bit and as the square of the current strength. 
Joule’s law may be demonstrated by 
means of an apparatus called the 
galvano-thermometer (fig. 535). A 
wide-mouthed stoppered bottle is 
fixed upside down, with its stopper, 
b, in a wooden block ; the stopper is 
perforated so as to give passage to 
two thick platinum wires, connected 
at one end with binding screws, r r, 
while their free ends are provided 
with platinum cones to which dif¬ 
ferent wires under investigation can 
be affixed ; the vessel contains alco¬ 
hol, the temperature of which is 
indicated by a thermometer, f. The rig. 533. 

current is passed through the plati¬ 
num wires, and its strength measured by means of a tangent 
galvanometer (522) interposed in the circuit. By observing the 
increase of temperature in a given time, and knowing the weight 
of the alcohol, the mass of the wire, the specific heat, and the 
calorimetric values of the vessel and of the thermometer, the total 
amount of heat which is produced by the current in a given time 
can be calculated. 

By altering the current that passes through the wire, which may 
be done by increasing or diminishing the number of cells in the 
battery, we may prove, by repeating the calorimetric experiment 
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■with each change of current, that the heat produced varies as the 
square of the strength of the current Again, by including in the 
circuit two or more apparatus like that of fig. 535, containing wires 
of different but known resistances, it may be proved that the heat 
is directly proportional to the resistance. Thus Joule’s law is 
established. 

When a circuit containing a voltaic battery is closed, a certain 
amount of heat is produced, which is distributed over the whole 
circuit—the liquid, the plates, and the connecting wire. The 
quantity of this heat depends on the consumption of the attacked 
metal, which is practically always zinc. The solution of a defi¬ 
nite weight of zinc produces a definite quantity of electricity 
to flow round the circuit, and this produces a definite amount of 
heat; if this solution takes place rapidly, the temperature is higher 
than if it takes place slowly ; but the total quantity in each case 
is the same ; just as the total quantity of heat produced by burning 
a given weight of coal is the same whether it is burnt fast or 
slowly. 

Again, the distribution of heat in the circuit follows the simple 
law that the heat produced in any particular part of the circuit 
bears tbe same ratio to the total heat that the resistance (507) of 
that particular part bears to the total resistance. Thus, if the 

resistance of the connect¬ 
ing wire outside the cell 
is twice as great as the 
internal resistance of the 
cell, the heat in the con¬ 
necting wire will be twice 
that in the liquid, or two- 
thirds of the total heat 
If the current passes 
through a chain of pla- 
Fig, 536. tinum and silver wires of 

equal sizes (fig. 536), the 
platinum, p, becomes more heated than the silver, s, from its 
greater resistance ; and with a suitable current the platinum may 
become incandescent while the silver remains dark. This ex¬ 
periment was devised by Children. , 

Several interesting illustrations of the heating effect of the 
current may be made by means of Foster's apparatus , represented 
W which consists of two glass bulbs provided with stop- 
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cocks and attached to u-tubes containing a coloured liquid ; they 
are, in fact, two air-thermometers. Stout copper wires lead from 
the binding screws and are fitted 
air-tight by means of corks in the 
bulbs ; to these ends platinum and 
other wires of various lengths and 
thicknesses may be fixed 

If the poles of a couple of 
Grove’s cells are connected with a 
and c, or with c and b, the depres¬ 
sion of the liquid at once shows 
that a heating effect is produced 
If the spiral wue in A has only half 
the resistance of that m B, then, 
when the cells are connected up 
with a and b so that the current 
traverses both wires, the depres¬ 
sion of the liquid in A will only be 
one-half that m B, showing that 
the heating effect in any part of a circuit is proportional to the 
resistance of that part 

510. Applications of the heating effect.—The heating effects 
of the voltaic current are used in firing mines for military purposes 
and for blasting operations. A simple form of fuse for 
this purpose is shown in fig. 538, which represents a 
round piece of wood, about half an inch in diameter, in 
which two grooves are cut. Two copper wires, a a 
and b b, insulated except at the free ends, fit in these 
grooves and pass through holes bored m the wood 
without touching each other, and are kept in their place 
by being wrapped round with fine thread. The ends 
bared are connected by a thin platinum wire ab, and 
the other ends of the wire are joined to stout copper 
wires which lead to the battery. Round the fuse is 
wrapped a paper case (not represented in the figure) 
which is 'filled with fine powder, and, being closed, the 
fuse is then placed in a bag of powder in the place where 
the explosion is to take place. Now, we have seen that 
in any part of a voltaic circuit the heating effect is the greater 
according as the resistance of that part of the circuit is greater. 
This is the reason for having a thin platinum wire, for the resistance 


Fig. 538. 
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1 b greater the thinner the wire, and, moreover, platinum is a metal 
of comparatively high specific resistance (507). Accordingly, 
•when an E.M.F. of from 5 to 10 volts is applied to the circuit, 
the thin platinum wire instantaneously becomes incandescent, and 
explodes the powder. 

A useful application of the heating effect of the current is made 
in the surgical operation of cauterisation. If a carbuncle or other 
enlargement is to be removed, a thin platinum wire which forms 
part of a voltaic circuit is moved across it ; this cuts like a knife, 
and at the same time cauterises the surface thus cut. It has been 
observed that when the temperature of the wire is about 6oo° C. 
the combustion of the tissues is so complete that there is no 
haemorrhage ; while at 1,500° the action of the wire is like that of 
a sharp knife. 

Another application of the heating effect is to what are called 
safety catches, or cut-outs. These are lengths of wire or strip, of 
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an alloy of lead and tin, 
interposed in the circuit of 
the powerful currents used 
for electric lighting and the 
like. Their dimensions are 
so calculated that when the 
current attains a certain 
strength, the heat generated 
is sufficient to melt them, 
and thus break the circuit. 


The form represented in fig. 539 is a lead-tin wire on which is cast 
a lead shot ; when the temperature is high enough to soften the 


wire, the weight of the shot is sufficient to promptly break it and 


thus stop the current at once. 

511. Luminous effects.—On breaking a voltaic circuit a spark 


is obtained at the point of rupture, which is frequently of great 
brilliance. These luminous effects are obtained, when the battery 


is sufficiently powerful, by bringing the two electrodes very nearly 
in contact; a succession of bright sparks springs across the 


interval, which follow each other with such rapidity as to produce 
a continuous light With eight or ten of Grove’s cells brilliant 
luminous sparks are obtained by connecting one terminal of the 
battery with a file, and moving its point along the teeth of another 
file connected with the other terminal 

T^e most beautiful effect of the electric light is obtained when 
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two pencils of charcoal are connected with the terminals of a 
powerful battery or dynamo in the manner represented in fig. 540. 
The charcoal b is fixed, while the charcoal a can be raised and 
lowered by means of a rack and pinion motion, c. The two char¬ 
coals being placed in contact, the current passes, and their ends soon 
become incandescent. If they are then removed to a distance of 
about the tenth of an inch, the air between them is heated, little 
particles become detached, are heated to incandescence, and travel 
from one carbon to the other ; they thus form a luminous arc ex- 



Fig. 540. 


tending between the two points, which has an exceedingly brilliant 
lustre, and is called the voltaic or electric arc. 

The length of this arc varies with the strength of the current 
In air, with a battery of too cells, it may exceed two inches. If 
the charcoal attached to the positive pole is examined, it will be 
found to have become worn away, forming a crater-like hollow, 
while the negative charcoal is worn to the form of a blunt point, 
and to a much less extent than the positive (fig. 541). It seems 
that the carbon is mechanically transported from the positive to 
the negative terminal, and that this is the manner in which the 
transmission of the electricity between the two poles is effected. 
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The small globules seen in the figure are mineral impurities in 
the carbon, which are melted at the high temperature of the 
voltaic arc. 

For public illumination the carbons are connected with a 
mechanism, actuated by the current itself, which keeps the carbon 
poles at a suitable distance apart, a condition necessary for the 
permanence and steadiness of the light. 

There are numerous and varied forms of such apparatus, and 
usually they are complicated and expensive ; but a general idea 
of the way in which they act may be 
obtained by reference to a simple form 
represented in fig. 542. The current 
enters the lamp by a wire attached to a 
binding screw on the base of the instru¬ 
ment, passing up the pillar by the small 
electromagnet (537) to the centre pillar, 
along the top of the horizontal bar, down 
the left-hand bar, through the two car¬ 
bons, and away by a wire attached to a 
binding screw on the left hand. A tube 
holding the upper carbon slides freely up 
and down another tube at the end of the 
cross-piece, and would by its own weight 
rest on the lower carbon, but the electro¬ 
magnet is provided with a keeper, to 
which is attached a rest that encircles 
F>s- 54«- the carbon tube and grasps it. When 

the electro-magnet works and attracts the keeper, the rest tightens 
and thereby prevents the descent of the carbon. When the keeper 
is not attracted, the rest loosens, and the carbon holder descends. 

When the two carbons are at rest and the circuit is completed, 
the current traverses both carbons, and no light is produced. But 
if the upper carbon be raised ever so little a brilliant light is 
emitted. When the lamp is thus once set to work, the rod attached 
to the upper carbon may be let go, and the magnet will afterwards 
keep the lamp at work. For when some of the carbon is consumed, 
and the current in consequence is weakened, the magnet loses 
some of its power, and the keeper loosens its hold on the upper 
carboft, which descends by its own weight As the carbons approach 
each other the current strength rises ; the magnet again draws on 
the keeper, the keeper again checks the descent of the carbon, and 
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so forth. Thus the points are retained at the right distance apart, 
and the light is continuous and brilliant. The lights thus produced 
are known as arc lights , and the apparatus in which they are pro¬ 
duced are arc lamps. 

The cost and inconvenience of producing electricity by means 
of the voltaic battery are so great as to quite preclude its use unless 
tn very exceptional cases. But of late years vast improvements 
have been effected in dynamo-electric machines, which transform 
mechanical power into electricity m a very perfect manner, and 
yield it at a price which makes 
the electric light a formidable 
competitor with gas and other 
artificial lights for purposes of 
public and even of household 
illumination. For the latter 
purpose the current from such 
machines is conveyed by wires 
to a lamp such as that repre¬ 
sented m fig. 542. These arc 
lights, however, are not adapted 
to household illumination, and 
are deficient m steadiness ; they 
are best fitted for lighting large 
spaces, such as railway stations, 
docks, streets, and the like. 

What are called incandescent 
lights , though not so powerful, 
are best suited for indoor illumi¬ 
nation, as the light is pleasanter, 
and is distributed from a number 
of centres. The principle on 
which these depend is that of 
allowing the current to traverse 
a thin thread of specially pre¬ 
pared carbon enclosed in a glass vessel from which the air has 
been exhausted. The ends of this carbon filament are suitably 
connected with wires, a a', terminating in loops outside, which 
can be readily attached to the hooks b b' —the pressure exerted 
by the spring, R, insures good contact; these, m turn, lead to 
the binding screws, P, N, with which the wires conveying the 
current are connected. By means of the screw V, the support c 
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with its lamp can be attached to an upright stand, or to a 
bracket, like a gasalier, Carbon is chosen because it is infusible, 
which is not the case with any metal when traversed by a 
sufficiently powerful current. There are numerous forms of such 
incandescent lamps; that represented in fig. 543 was devised by 
Swan, of Newcastle, whose carbon thread is 
prepared by carbonising a special kind of cotton 
thread. Edison, of New York, uses bamboo in 
the construction of the carbon filament. 

The filament in an incandescent lamp, after 
I being in use for some time, becomes disin¬ 
tegrated and gives way ; but a carefully con¬ 
structed lamp will, with a moderate current, 
last for 1,000 hours. The intensity of the light 
depends upon and increases with the strength 
of the current—a lamp, for instance, which has 
an illuminating power of 16 candles (331) may 
have its luminosity doubled, or even more, by 
an increase in the strength of the current. This 
increase in luminosity is, however, purchased at 
the expense of the duration of the Lamp ; the 
more powerful the current, and therefore the 
luminosity, the shorter time does the lamp last. 

A horse-power (286) employed in working 
the machine which produces the current will 
feed 12 lamps each of 16-candle power ; the same power with an 
arc light will produce from five to ten times as much illuminating 
power. 

512. Chemical effects.—These are among the most important 
of all the actions of the voltaic circuit. They consist of the separa¬ 
tion and transport of the elements of the bodies traversed by the 
current. The first decomposition effected by the battery was that 
of water, obtained in 1800 by Carlisle and Nicholson by means of a 
voltaic pile. Water is rapidly decomposed by an applied E.M.F. of 
4 or j volts (507) ; the apparatus (fig. 544) is very convenient for the 
purpose. It consists of a glass vessel fixed on a wooden base. In the 
bottom of the vessel two platinum electrodes are fitted, communicat¬ 
ing by means of copper wires with the binding screws, a and b. The 
vessel is filled with water to which some sulphuric acid has been 
added to increase its conductivity. Pure water and pure sulphuric 
acid we very imperfect conductors, but a mixture of the two is a 
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tolerably good conductor. Two glass tubes filled with the acidu¬ 
lated water are inverted over the electrodes, and, on interposing 
the apparatus in the circuit of the battery, decomposition is rapidly 
set up, and gas-bubbles rise from the surface of each electrode. 
The volume of gas liberated at the negative electrode is about 
double that set free at the positive, and on examination the former 
gas is found to be hydrogen and the latter oxygen. This ex¬ 
periment accordingly gives at once the qualitative and quantita¬ 
tive analysis of watei, for it shows that it consists of two parts by 
volume of hydrogen to one of oxygen. 

In a circuit containing a water-decomposition apparatus, or 
water voltameter as it is called, V, Faraday introduced a tube, AB, 
containing tin chloride kept in a state of fusion by the heat of a spirit 
lamp (fig. 545). In the bottom of this a platinum wire was fused 
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forming the negative electrode, while the positive electrode con¬ 
sisted of a rod of graphite ; when the current passed, chlorine was 
liberated at the positive, while tin collected at the negative elec- 
tiode ; tn like manner lead oxide was electrolysed, and yielded lead 
at the negative and oxygen at the positive electrode. Comparing the 
quantities of substances liberated, they are found to bear a certain 
definite relation to each other. Thus, foi every 18 parts of water 
decomposed in the water voltameter there will be liberated 2 parts 
of hydrogen, 207 parts of lead, and 117 of tin at the respective 
negative electrodes, and 16 parts of oxygen and 71 (or 2x35-5) 
parts of chlorine at the corresponding positive electrodes. Now 
these numbers are exactly as the chemical equivalents (not as the 
atomic weights) of the bodies. 

it will further be found that in each of the cells of the battery 

s s a 





6f parts by weight of anc have been dissolved for every two parts 
by weight of hydrogen liberated ; that is, that for every equivalent 
of a substance decomposed in the circuit one equivalent of zinc is 
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dissolved. This is the case whatever be the number of cells. An 
increase in the number only has the effect of overcoming the great 


resistance which many electrolytes offer, and of accelerating the 
decomposition. If m any of the cells more than 65 parts of zinc 
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are dissolved for every 
two parts of hydrogen 
liberated in a water 
voltameter in the circuit, 
this arises from a disad¬ 
vantageous local action ; 
and the more nearly the 
zinc in the battery ap¬ 
proximates to the condi¬ 
tion of pure zinc, the more 
exactly is the chemical 
relation between the pro¬ 
ducts of decomposition 
realised. 

If the two platinum 
electrodes in fig. 544 ate 
placed dose together in 
acidulated water, the 


gasei can be collected mixed instead of separately. Such a mixture 
of Hk two gases explodes and re-forms water with great violence 
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when a light is applied to it, or, when contained in a suitable 
vessel, an electric spark is passed through it; this mixed gas is 
known as detonating gets. If it is collected in a graduated glass 
tube, it is found, in accordance with what has been stated, that 
currents of different strengths liberate the gas with varying rapidity ; 
the more powerful the current the more rapidly is the gas dis¬ 
engaged. The quantity liberated in a given time is proportional 
to, and is therefore a measure of, the quantity of electricity which 
has passed ; an apparatus based on this principle was devised by 
Faraday and called a voltameter (fig. 546). 

By means of the voltameter we may conveniently illustrate the 
principles of the division of the electric current. Suppose that 
B (fig. 547) is a voltaic battery, and that V and Vj are similar 
voltameters j the current divides at c, and in the equal branches 
are placed two voltameters, v and v v If now the circuit is closed 
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for a certain time, and the gas measured which is liberated m this 
time, it will be found that the volumes in V and V,—that is, the 
voltameters in the undivided part of the circuit—are equal ; and 
that, if the resistances in the branches c v d and c d are equal, 
the volumes of gas disengaged in them will also be equal to each 
other, but less than V or V„ the sum of the volumes being, how¬ 
ever, exactly equal to V or V, ; this will also be the case if the 
voltameters v and v l are not equal; the sum will always be equal 
to V or V r 

This may be expressed by saying that if two paths are open to 
a current it will divide itself as the conductivities m their branches, 
or, what is the same thing, inversely as the resistances. Thus, if 
the resistances of the two circuits v and v x are 1 and 4 respectively, 
then, of the current which divides between the points c and d, four- 
fifths will go through v and one-fifth through v,. 

‘ When the current is passed through a solution of silver nitrate 
contained in a platinum dish, which serves as a negative electrode 
“the positive electrode being a silver rod held in a brass damp— 




wetaflic silver is deposited on the dish, and may be weighed 
(fig. 548). Such an arrangement is called a silver voltameter , and 
although more troublesome it is susceptible of greater accuracy. 
A current of an ampere (507) passing for an hour through such a 
solution will liberate 4^025 grammes of metallic silver j in like 
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manner, a copper voltameter , 
with copper electrodes and 
copper sulphate solution, 
would give ri8i gramme of 
metallic copper. 

The weight of metal 
liberated from a solution of 
one of its salts in a second 
by unit current—that is to 
say, one ampere—is called the 
electrochemical equivalent of 
the metal. That of silver is 
I'118 milligramme, and of 
copper 0 328 milligramme 

513. Electrolysis. — To 
those substances which, like 
water, are resolved into their 
elements by the voltaic cur¬ 
rent, the term electrolyte was 
applied by Faraday, to whom 
the principal discoveries in 


this subject, and also the nomenclature, are due. Electrolysis is 
decomposition produced by a voltaic current; the products of 



decomposition are called 
ions, that which is libe¬ 
rated at the positive 
electrode or anode being 
called the anion ; that 
liberated at the nega¬ 
tive electrode ox kathode, 
the kation. 

By means of the 
battery the compound 
nature of several sub- 


stances which had previously been considered as elements has 
been discovered. With a battery of 250 cells, having an E.M.F. of 
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probably 150 volts, Davy, shortly after the discovery of the decom¬ 
position of water, succeeded in decomposing the alkalies potash 
and soda, and proved that they were the hydrated oxides of the 
hitherto unknown metals potassium and sodium. The decom¬ 
position of potash may be demonstrated with the aid of a battery 
of six volts electromotive force in the following manner ; a small 
cavity is made in a piece of solid caustic potash, which is moistened, 
and a drop of mercury is placed in it (fig. 548). The potash is 
placed on a piece of platinum connected with the positive pole of 
the battery. The mercury is then touched with the negative pole. 
When the current passes, the potash is decomposed, oxygen is 
liberated at the positive electrode or anode, while the potassium 
liberated at the kathode amalgamates with the mercury. On 
distilling this amalgam out of contact with air, the mercury passes 
over, leaving the potassium. 

The decomposition of binary compounds—that is, bodies con¬ 
taining two elements—is quite analogous to that of water and 
potash ; one of the constituents goes to the anode and the other 
to the kathode. The bodies separated at the anode are called 
electronegative ions, because at the moment of separation they 
are considered to be charged with negative electricity, while those 
separated at the kathode are called electropositive ions. One 
and the same body may be electronegative or electropositive, 
according to the body with which it is associated. For instance, 
sulphur is electronegative towards hydrogen, but is electropositive 
towards oxygen. The various elements 
may be arranged in such a series that 
any one in combination is electronega¬ 
tive to any following, but electropositive 
towards all preceding ones. This is 
called the electrochemical series, and 
begins with oxygen as the most electro¬ 
negative element, ending with potassium 
as the most electropositive. 

A very convenient arrangement for 
the preparation of metallic magnesium 
and some of the rarer metals consists of 
an ordinary clay tobacco-pipe (fig. 550), in the stem of which an 
iron wire is inserted just extending to the bowl, which is nearly 
filled with a mixture of the chlorides of potassium and magnesium. 
This is melted by a Bunsen burner, and a piece of graphite 
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connected by a wire with the positive pole of a battery is dipped 
itt it, the wire in the stem forming the negative electrode. When 
the current passes, chlorine gas is liberated at the carbon electrode, 
while metallic magnesium collects about the end of the iron wire 
in the bowl. 

514. Electrotype. —In the ordinary methods of reproducing 
statues, bas-reliefs, etc., in metal, moulds of baked clay or of sand 
are prepared, which are faithful hollow copies of these objects , 
then either melted iron or bronze is run into these ; when the 
metal has solidified, an exact copy in relief is obtained of the 
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object In electrotypes, a mould 
of the object to be produced is 
required, but the reproduction is 
effected without either fusion or 
fire An electric current quietly 
deposits a layer of metal of any 
desired thickness on a faithful 
impression of the object. This 
is the meaning of the term gal- 
vanofilashcs, which is derived 
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from the word ‘galvanism,’ and trom a Greek word signifying ‘to 
model. 1 

The practise of electrometallurgy consists of two distinct opera¬ 
tions .* first, the preparation of the mould or impression of the 
objects to be reproduced ; and, secondly, the deposit of the metal 
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in this mould. The first process is the more delicate, and that on 
which mainly depends the success of the operation. 

Various substances are used for taking impressions—wax, stea- 
rine, fusible metal, gutta-percha, etc. Of these the most useful, at 
any rate for small objects, is gutta-percha. This substance, which is 
hard at ordinary temperatures, softens when placed in warm water. 
When it has acquired the proper degree of softness, a plate of it 
is placed on the object to be copied and pressed against it When 
the object is of metal—a medal, for instance—the gutta-percha is 
easily detached as soon as it is cold ; but with a wood engraving or 
a plaster cast the gutta-percha adheres, and cannot be detached 
without danger of tearing. This may be remedied by previously 
brushing the mould over with blacklead, or graphite , as it ought to 
be called. 

Suppose the subject to be reproduced is a medal (fig. 552); 
when the mould is obtained we have the medal hollow and in¬ 
verted. It is now necessary to make its surface a conductor, for 
gutta-percha, being an insulator, could not transmit the current 
from the battery. This is effected by brushing it over very care¬ 
fully with graphite (which is a good conductor) in all those places 
where the metal is to be deposited. Three copper wires are then 
fixed to it, one of which is merely a support, while the other two 
conduct the current to the metallic surface (fig. 551). 

The mould is then ready for the metal to be deposited upon 
it; copper is ordinarily used, but silver and gold also deposit 
well. 

In order to take a copper cast, a bath is filled with a saturated 
solution of copper sulphate, and two copper rods, B and A, are 
stretched across (fig. 553), one connected with the negative and 
the other with the positive pole of a couple of Daniell cells. From 
the rod connected with the negative poles, B, is suspended the 
mould, and from the other, A, a plate of copper, so that A forms 
the anode, B the kathode. The circuit being thus closed, the 
copper sulphate is decomposed, sulphuric acid is liberated at the 
anode, while copper is deposited at the kathode, on the mould 
suspended from the rod B, to which, indeed, several moulds may 
be attached. 

The copper plate forming the anode serves a double purpose : 
it not only transmits the current, but it keeps the solution in a 
uniform state of concentration, for the acid liberated at A dissolves 
the copper, and reproduces a quantity of copper sulphate equal to 
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that which has been decomposed. The bath always remains, 
therefore, at the same degree of concentration—that is to say, 
always contains the same amount of salt in solution, which is a 
condition necessary for producing a uniform deposit. 

An important industrial application is made of electrolysis in 
the refining of copper. The metal is extracted by the ordinary 
metallurgical processes so as to obtain plates containing 95 per 
cent, of pure copper, which are then used as positive electrodes in 
a bath of copper sulphate. The metal is deposited in a state 01 
perfect purity on thm sheets of copper, which form the negative 
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electrode, while the impurities fall to the bottom. As the electrodes 
tire practically identical, there is no polarisation (497), and the work 
of the current is solely employed in overcoming the resistance of 
the baths, ^fhe application of electrolysis to the extraction of 
metals was delimited use until the powerful currents of dynamos 
(553) became,Available. In mountainous countries, where water¬ 
power can be had, it may in many cases be practicable to deal 
in situ with the extraction of metals from their ores. 

[ding. —The old method of gilding was by means 
It was effected by an amalgam of gold and mercury, 
applied to the metal to be gilded. The objects thus 
heated in a furnace, the mercury volatilised, and the 
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gold remained in a very thin layer on the objects. The same 
process was used for silvering ; but these methods were expensive 
and unhealthy, and have now been entirely replaced by electro¬ 
gilding and electrosilvering. Brugnatelli, a pupil of Volta, appears 
to have been the first, in 1803, to observe that a body could be 
gilded by means of the battery and an alkaline solution of gold ; 
but De la Rive was the first who really used the battery in gilding. 
The methods both of gilding and silvering owe their present high 
state of perfection principally to the improvements of Elkington, 
Ruolz, and others. 

The difference between electrogilding and electrosilvering 
and the processes described in the last paragraph is this—that, 
in the former, the metal is deposited on a mould in order to re¬ 
produce the objects given ; while, in the latter, the objects them¬ 
selves are permanently covered with a very thin layer of gold or 
of silver. 

The pieces to be coated have to undergo three preparatory 
operations. 

The first consists in heating them so as to remove the fatty 
matter which has adhered to them in previous processes. 

As the objects to be gilded are usually of copper, and their surface 
during the operation of heating becomes co\ ered with a layer of 
suboxide or protoxide of copper, this is removed by the second 
operation. For this purpose the objects, while still hot, are im¬ 
mersed in very dilute nitric acid, where they remain until the oxide 
is removed. They are then rubbed with a hard brush, washed in 
distilled water, and dried in gently heated sawdust. 

To remove all spots they must undergo the third process 
which consists in rapidly immersing them in ordinary nitric acid, 
and then in a mixture of nitric acid, bay salt, and soot. They 
are then well washed in distilled water, and dried as before in 
sawdust. 

When thus prepared, the objects are attached to the negative 
pole of a battery of three or four cells, and if they are to be silvered 
they must be immersed in a bath of silver kept at a temperature of 
sixty to eighty degrees. They remain in the bath for a time which 
depends on the thickness of the required deposit. There is great 
variety in the composition of the bath. That most in use con¬ 
sists of two parts of cyanide of silver and two parts of cyanide of 
potassium, dissolved in 250 parts of water. In order to keep the 
bath in a state of concentration, a piece of silver forms the 
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positive electrode, which dissolves in proportion as the silver 
dissolved in the bath is deposited on the objects forming die 
kathode. 

The processes of electrogilding are exactly like those of 
electrosilvering, with the exception that a bath of gold is used 
instead of one of silver, and the anode is a plate of gold. The 
bath used is a solution of cyanide of gold and cyanide of potassium. 

The method which has just been described can be used not only 
for gilding copper, but also for silver, bronze, brass, German silver, 
etc. But other metals, such as iron, steel, zinc, tin, and lead, are 
very difficult to gild well. To obtain a good coating they must first 
be covered with a layer of copper, by means of the battery and 
a bath of copper sulphate ; the copper with which they are coated 
is then gilded, as in the previous case. 

When a solution of lead-oxide (litharge) in potash is electrolysed, 
the peroxide of lead liberated at the anode is deposited in extremely 
thin layers which exhibit colours like those of soap-bubbles, and 
serve thus for metallic coloration. The art of producing such 
deposits is known as metullochromy. 

One of the most valuable applications of the electric deposi¬ 
tion of metals is what is called the steeling {acitrage) of engraved 
copper plates. The bath required is prepared by suspending a large 
sheet of iron connected with the positive pole in a vessel filled with 
a solution of sal-ammoniac, while a thin strip of iron is connected 
with the negative pole. By this means iron from the large plate is 
dissolved in the sal-ammoniac, while hydrogen is given off from the 
small one. When the bath has thus taken up a sufficient quantity 
of iron, an engraved copper plate is substituted for the small strip. 
A bright deposit of iron begins to form at once, and the plate 
assumes the colour of a polished steel plate. The deposit thuB 
obtained in the course of half an hour is exceedingly thm, but is 
extraordinarily hard, so that a far larger number of impressions 
can be taken from a plate thus prepared than from a plate of 
ordinary copper. 

Another application which is rapidly extending is that of coating 
metals with nickel or cobalt. These form a very hard coating which 
protects softer metals from mechanical injury. Nickel gives a 
fright coating like silver, which, however, does not tarnish as 
n^hidoes. Cobalt gives a coating of a reddish hue. 

,i 516. Secondary cells, accumulators. —The chemical decompo¬ 
sitions effected by the passage of the current (512) put into our 
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hands a means of storing or accumulating electricity. For when 
two plates of platinum placed in dilute sulphuric acid are connected 
with the poles of a cell, and are then detached from the battery 
and connected with any arrangement for showing the passage of 
the electric current, it will be seen that such a current is pro¬ 
duced, but its direction is opposed to that of the original current. 
This may be illustrated by an arrangement represented in fig. 554, 
in which B is a constant cell, V a voltameter (512), G a galvano¬ 
meter (521), and H a mercury cup. The wire L being discon¬ 
nected from H, a current is produced in the voltameter, the 
direction of which is from P to P' ; if now the wire F be detached 
from H, and L be connected therewith, a current is produced 
through the galvanometer, the direction of which is from P' to P ; 
that is, the opposite of that which the element had previously 
produced. The current thus pioduced is due to the polarisation 
of the electrodes. By the passage of the current the ultimate pro¬ 
ducts of chemical decompo¬ 
sition—in the above case 
oxygen and hydrogen—are 
accumulated on the two 
electrodes, so that when the 
plates are disconnected from 
the battery the gases are 
in a condition in which they 
can readily unite with each 
other, and by their union 
re-form water. Thus it is 
not an accumulation of elec¬ 
tricity, in the ordinary sense of the word, which is here produced, 
but a storage of chemical energy, which can be converted into 
electric energy by the reunion of the separated ions. 

Plantd was the first to use lead plates immersed in dilute sul¬ 
phuric acid in the construction of storage batteries. Each cell 
•consists of two lead plates rolled in a spiral and separated by strips 
of felt or other non-conductor. The general nature of the action of 
charging an accumulator is that the oxygen liberated at the anode 
converts the surface into peroxide of lead (brown or puce oxide), 
while hydrogen is set free at the kathode ; when the charging current 
is reversed, the peroxide is reduced to metallic lead, which, how¬ 
ever, is in a spongy state, while the other plate is now covered 
with brown peroxide. By repeating this process, with currents 
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alternately in opposite directions, both plates ultimately acquire this 
spongy texture, which enables much more of the peroxide to be 
formed and thereby renders the cell more powerful. Finally, the 
cell is charged, so that one plate is practically lead peroxide and 
the other metallic lead, and it can now be used as an independent 
source of electricity. The metallic lead plate corresponds to the 
zinc, and the peroxide plate to the copper, of an ordinary primary 
battery, but there is no polarisation, as the hydrogen is spent in 
deoxidising the peroxide. As the action goes on, the lead plate is 
oxidised into protoxide of lead and the peroxide is reduced to the 
same condition, and when both plates are alike the action ceases. 
But the cell may be restored to its original active condition by re¬ 
charging from a dynamo or otherwise. The E.M.F. of this cell is 

about two volts, and as the lead 
plates are of large area and very 
close together, the internal re¬ 
sistance is much less than that 
of any primary cell of the same 
size. 

The storage cells now so 
largely used for electric lighting, 
traction, and other purposes, 
differ from Plantd’s in details of 
construction, but are based on 
the same general principles. The 
tedious operation of forming the 
cells by passing successive cur¬ 
rents in opposite directions be¬ 
tween the plates is now to a 
large extent dispensed with. 
Each plate consists of a lead 
grid (fig. 555), the spaces in 
which are filled with a mixture 
of oxides of lead formed into a paste, the positive plates being- 
thicker And containing a larger quantity of active oxide than the 
others. 

Fig. 555 shows one of the storage batteries of the Electric 
Potyer Storage Company ; it will be seen that the whole of one set 

E plates forming the negative electrode are fitted together, and 
responding set of five plates, also joined together, can be 
i between the other set, being .kept from touching each other 
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by staples or studs of some insulating material Each set of plates 
forms in effect a single large one, which is thus placed with its 
coated face opposite the coated faces of the other plates. The 
object in storage cells is to increase the surface and lessen the 
weight as far as practicable, and also, by bringing the plates near 
each other, to diminish the internal resistance A given number 
of such cells may by suitable commutators be combined so as to 
produce at will the effects of high potential or of quantity 

The electromotive force of a storage cell on discharge is a 
little over 2 volts , if the cell is discharged immediately after being 
charged it rapidly falls to 2 volts, at which it remains pretty constant, 
falling very slowly to 1 85 to 1 8 volt, after which it falls off rapidly 
again until the charge is exhausted It is found best not to let 
the discharge fall much below 2 volts, as this is prejudicial to the 
durability of the cell. 

The capacity of a storage cell is stated m ampere-hours ; for 
example, a cell whose capacity is 80 ampere-hours will provide a cur¬ 
rent of 1 ampere for 80 hours, 4 amperes for 20 hours, and so on 
The efficiency of an accumulator is the ratio between the 
electric energy available in the discharge and the energy absorbed 
in the charge. The efficiency of modern accumulators of the best 
construction is about 80 per cent 

In accumulators which aie to be used for driving the motors of 
tramcars 01 electric launches, the capacity is of first importance, 
while in the case of stationary accumulators, as in electric lighting, 
the efficiency is the chief point 
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chapter IX 

RELATION BETWEEN ELECTRICITY AND MAGNETISM 

517. Resemblance and dissimilarity.—Early in the history of 
the two sciences, the analogy was remarked which existed between 
the phenomena of electricity and magnetism. It was observed 
that like kinds of electricity repelled each other, as also did like 
kinds of magnetism, and that unlike kinds attracted It had, 
moreover, been observed that lightning, in striking a ship, often 
reversed the polarity of compass-needles, and even sometimes 
robbed them of all magnetic power But though there are many 
points of resemblance between electricity and magnetism, the 
dissimilarities are numerous. For instance, magnetic properties 
cannot be transmitted to good conductors, as can electric properties. 
A magnet placed in contact with the earth does not lose its mag¬ 
netism as an electrified body loses its electric charge. Again, 
electricity can be produced in all bodies, while magnetism is only 
manifested by a very small number. Among these resemblances 
and dissimilarities, nothing could be affirmed respecting any 
definite relation between electricity and magnetism until towards 
the end of 1819, when Oersted, professor of physics in Copenhagen, 
made a memorable discovery, which for ever intimately connected 
these two physical agents. Thus arose a new branch of science 
called electromagnetism, to express that the phenomena are at 
once magnetic and electric. 

518. Action of currents upon magnets. —The fact which 
Oersted discovered was the directive action of currents upon 
magnets. He found that electric currents have a directive action 
upon the magnetic needle, and always tend to set it at right angles 
to their own direction. 

To verify this action of currents upon magnets, the experiment 
is arranged as shown in fig, 556. A magnetic needle, AB, movable 
npon a pivot, being at rest in tbe direction of the magnetic 
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meridian, a wire parallel to the meridian is held over it and a 
current is allowed to pass through the wire. The needle is then 
seen to deviate from its position of rest, oscillate, and ultimately 
come to rest in a position inclined to the magnetic meridian ; the 
deviation from the meridian being greater the closer the wire to 
the needle and the stronger the current 

In this experiment the direction in which the needle is deflected 
varies with the direction of the current; if the current goes from 
south to north above the needle, the north pole is deflected to the 
west ; if, on the contrary, it goes from north to south but still 
above the needle, the north pole is deflected to the east. When 
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the current passes below the needle, the same phenomena are 
reproduced, but m exactly the reverse order All these different 
cases were reduced to a single one by Ampere 

519. Ampfere’a rule.—Ampere gave the following memoria 
technica, by which all the various directions of the needle under 
the influence of a current may be remembered If we imagine an 
observer placed m the wire in such a manner that the current 
entering by his feet issues by his head, and that his face is always 
turned towards the needle, we shall see that in the above four 
positions the north pole is always deflected towards his left 
hand. By thus personifying the current, the different cases may 
be comprised within this general principle: In the directive 

T T 
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action of currents on magnets, the north foie is always deflected 
towards the left of the current. 

520. Magnetic field due to a current —The fact discovered by 
Oersted is a particular case of the general principle that an electric 
current is always accompanied by a magnetic field all round it. 
In the case of a linear conductor the lines of force in the field are 

circles in planes perpen¬ 
dicular to the current, 
having their centres in 
the axis of the wire. The 
existence of the field may 
be shown by a vertical 
wire forming part of 
an electric circuit which 
passes at right angles 
through a piece of card¬ 
board or thin wood. 
When iron filings are 
sprinkled on the cardboard they are seen to arrange themselves— 
when the cardboard is tapped—in circles as represented in fig. 
557. If the direction of the current in the wire, xy, is that shown 
by the arrow, the direction of the lines (i.e. the direction in which 
a free north pole would move) is to the left of an observer 
swimming with the current. The direction of the particles of iron 
is that which very small magnets would have if placed there. 

When a copper wire through which a fairly strong current is 
flowing is dipped into iron filings, the filings cling to it all round 
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(fig. 558), each particle setting itself perpendicular to the wire; 
they become detached as soon as the circuit is broken, and there is 
no action on any non-magnetic metal. 

The fact and direction of the magnetic field in the neighbour¬ 
hood of a straight conductor may be shown also by the apparatus 
of fig. 559. NS is a bent magnet, pivoted at p, so as to tum 
about a vertical axis. In the bend is a cup of mercury, m, in con¬ 
ducting connection with the raaget, while tt is a circular trough 
(Off uftercury always in contact with the magnet by die arm, a. The 






lower end of a vertical copper wire, c, dips into the mercury,«, its 
Upper end, as Well as the mercury m tt, being connected with a 
■battery. When the circuit is completed the magnet pole, N, rotates 
round the wire in the anticlockwise direction if the current flows 
up the wire as represented in the figure If the current is re¬ 
versed, the direction of rotation will be reversed 

In the case of a bent wire the lines of force due to the passage 
of a current, instead of being exact circles, will be more Or less 
deformed. If the current flows in a circular ring, the system of lines 
of force will be as shown in fig. 560 , m which a a' are sections of the 
ring made by the plane of the paper. The current is supposed to 
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come up fronrbelow at a' and pass down through the plane of the 
paper at a. Near the centre of the ring the lines are straight and 
parallel. Close to the circumference they are nearly circular. 
Each line of force is a closed curve threading the ring. 

521. The name galvanometer or multiplier s given to an instru¬ 
ment by which the existence, direction, and strength of an electric 
current may be determined. It was invented by Schweigger, m 
Germany, a short time after Oersted’s discovery. 

’ In order to understand its principle, let us suppose a magnetic 
needle, at, suspended by a silk thread (fig. 561), and surrounded, 
the plane of the magnetic meridian, by a copper wire forming a 

T T 2 
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complete circuit found the needle in the direction of It* length, 
When fo ; s wire is traversed by a current, It follows, from what 
has been said (518), that in every part of the circuit an observer 
lying in the wire in the direction of the arrows, and looking 

at the needle, ab, would 
have his left always turned 
towards the same point 
of the horizon, and conse¬ 
quently that foe action of 
foe current in every part 
would tend to turn the north 
pole in the same direction 
—that is to say, that foe 
actions of the four branches 
of the circuit concur to give 
the north pole foe same 
direction. By coiling the 
copper wire in the direction 
of the needle, as represented 
in foe figure, the action of 
the current has been multi- 
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plied. If, instead of a single turn of wire, there are several, pro¬ 
vided they are insulated, the action becomes still more multiplied, 
and the deflection of the needle increases—or, what is the same 
thing, a much feebler current is required to produce a given 
deflection. 




As foe directive action of foe earth continually tends to keep 
foe needle in foe magnetic meridian, while the current tends to 
pitoefit at light angles to this direction, the needle mil take dp a 
position inclined to the meridian at an angle which is greater foe 
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leM the earth’s action on the needle. This action may be diminished 
by using an astatic system of two needles, as shown in fig. 562. 
An astatic system consists of two needles rigidly connected to¬ 
gether, with equal magnetic moments (418), parallel magnetic axes, 
and opposite poles in the same direction. The earth’s mag¬ 
netism acts equally but oppositely on the two needles, so that, 
if the conditions of astaticism were exactly realised, the system 
would rest in any direction. But if the magnetic moment of one 
of the needles is slightly greater than that of the other, the 
system will come to rest m the magnetic meridian, the directive 
action of the earth on it being equal to the difference of its actions 
on the two needles separately. The action of the earth on the 
system is consequently very feeble, and, further, the actions of the 
current on the two needles become accumulated. In fact, the 
action of the circuit, from the direction of the current indicated by 
the arrows, tends to deflect the north pole, a , of the lower needle, 
ad, towards the west. The upper needle, ah', is subjected to the 
action of two contrary currents, no and qp ; but as the first, no, is 
nearer, its action preponderates. Now, this cutTent no, passing 
below the needle, evidently tends to turn the north pole a! towards 
the east, and consequently the pole 6 ' towards the west—that is to 
say, in the same direction as the pole a of the other needle. 
Looking at the matter otherwise, we may say that the lines of force 
due to the current thread through the rectangle n, o, p, q, passing 
inside it from the front to the back of the paper, and outside it 
from the back to the front. Thus the north poles a and a' are 
urged in opposite directions. 

From these principles it will be easy to understand the ex¬ 
planation of the astatic needle galvanometer. The apparatus repre¬ 
sented in fig. 563 consists of a thick brass plate resting on levelling 
screws ; on this is a copper frame on which is coiled a great number 
of turns of wire covered with silk. The two ends terminate in bind¬ 
ing screws, n and m. Above the frame is a graduated circle, with a 
central slit parallel to the direction in which the wire is coiled. By 
means of a fine filament of silk, an astatic system is suspended; it 
consists of two needles, ab and a'b' (fig. 562), one above the scale, 
and the other within the bobbin of wire. 

For use the instrument is so adjusted that the needles, and 
also the slit, are in the magnetic meridian, and that the upper needle 
points to tire zero of the scale. 

To show, by means of the galvanometer, the electricity developed 
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in chemical actions—for instance, in the action of acids on metals— 
two platinum wires may be attached to the binding screws, m and 
n. One of them is then plunged in very dilute sulphuric acid, and 
the other placed in contact with a piece of zinc held in the hand, 
which is dipped in the liquid (fig. 563). An immediate deflection 
is observed, which indicates the existence of a current; and, from 
the direction which the north pole of each needle assumes, it is seen 
that the direction of the current is that indicated by the arrows. 

For certain kinds of experiments it is desirable that the 
galvanometer should have a very large number of turns of wire, 
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say from 20,000 to 50,000,that its resistance should be large. 
Such galvanometers are called long-coil galvanometers. A short- 
coil galvanometer is one with a few turns of tolerably thick wire ; 
such a one would be used in a thermoelectric circuit (564). 

522. Tangent galvanometer. — 1 This is a form of galvanometer 
Specially suited for measuring the strength of currents. It con¬ 
sists of a small number of turns of stout wire, or even of a single 
turn, forming a ring of 8 or 10 inches in diameter (G, fig. 568). In 
die centre is suspended a small magnetic needle not more than 
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about .75 ^ an inch in length, playing over a graduated scale, 
by which the deflection can be measured ; as this is difficult with 
so small a needle, it is provided with a long light index. 

If the ring is placed in the magnetic mendian, and dif¬ 
ferent currents are allowed to pass round the ring or coil, it will be 
found that the magnetic needle is deflected to varying extents 5 
and it can be proved that the strengths of the various currents are 
proportional, not to the angles of deflection themselves, but to the 
trigonometrical tangents of such angles ; and it is from this property 
that the name of the apparatus is derived. Thus, if the angles 
observed in three different cases are 30°, 45° and 6o°, the corre¬ 
sponding strength of currents will be as tan 30° : tan 45 0 : tan 6o°, 
or, as-58 : 1 : 173. 

523- D’Arsonval’s galvanometer.—In this instrument the prin¬ 
ciple of the preceding ones is reversed ; the magnet is fixed, while 
the existence and direction 
of the current are indicated 
by the motion of the coil of 
wire in which the current 
itself flows. 

Between the poles of a 
powerful horseshoe magnet 
(fig. 564) an insulated rect¬ 
angular coil of wire of many 
turns is suspended ; one 
end of the coil is attached 
to the wire by which the 
coil is suspended, while the 
lower end is connected 
with a metal strip in con¬ 
nection with a binding 
screw; the rod by which 
the frame is supported is 
also connected with a bind¬ 
ing screw. 

Inside the movable coil is an iron cylinder—supported by the 
metal rod—which strengthens the magnetic field. When the 
current passes, the coil tends to set at right angles to the line 
joining the poles, and for small angles the current is proportional 
to the angle of deflection ; this is read off by means of the light of 
a lamp reflected oh a scale from a light mirror attached to the 
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coil, a mode of observation of great delicacy and accuracy, and 
much used in physical measurements. When the terminals are 
connected to a circuit the galvanometer is almost dead-beat —that 
is to say, the coil sets almost immediately in its final position. 

The instrument itself is based on an apparatus devised by Lord 
Kelvin (at that time Prof. W. Thomson) for telegraphing through 
the Atlantic cable. 

524. Ohm's law.—We have already seen that in a complete 
voltaic circuit there is always a certain force at work, to which is 
due the production of electric effects in the circuit, and to which 
the term electromotive force (507) is applied. Now, any circuit is 
made up of various materials : the metals themselves, the exciting 
liquid, the wires, and the apparatus used to detect or measure the 
strength of the current or to demonstrate its effects. No substance 
whatever is a perfect conductor ; all offer a certain obstacle or 
resistance to the passage of the electricity (507), and this resistance 
varies greatly according to the dimensions of the materials and 
their special nature. The strength of current produced by any 
given combination depends on the ratio of these two factors ; it is 
directly proportional to the electromotive force, and is inversely 
proportional to the resistance, so that with a given electromotive 
force the current is stronger the smaller the resistance, and, con¬ 
versely, with a fixed resistance the current is stronger the greater 
the electromotive force. The principle known as Ohm's law states 
that the strength of a current (in amperes) is equal to a fraction, 
the numerator of which is the E. M.F. of the battery (in volts) and 
the denominator the total resistance of the circuit (in ohms). 

In voltaic combinations a distinction is drawn between the 
internal and the external resistance, the former being that which is 
offered by the liquid between the plates, while the external resist¬ 
ance includes the joining wires and the whole of the apparatus in 
which the electric effects are to be produced. 

In a voltaic cell which is to have a low internal resistance, the 
plates should be large, and should be close together in the liquid. 

If we have four cells, we may arrange them in a battery so 
that the zinc of one is joined to the copper of the next, the zinc of 
this to the copper of the third, and so on ; this is the arrange¬ 
ment in serisiy land is represented in fig. 565 ; this gives a battery 
with four times the electromotive force and also four times the 
reststanceof a single cell. Or the four cells may be arranged abreast 
(fig. $ 46 ) where all the zincs are joined together and 
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afldie coppers ; the effect is to produce a single cell of four times the 
swe, and therefore of one-fourth the internal resistance (507), but 
of no greater electromotive force ; for the E.M.F. only depends on 
the nature, and not at all on the dimensions, of the metals (507). 
We may further arrange them so that two cells are joined in parallel, 
forming a single cell of double the size, and then two of these 
double cells are joined in series (fig. 567). 

If we have twelve cells, the student will see that he can arrange 
them in six different ways 

If each of the twelve cells has an E.M.F. of i volt and an internal 
resistance of 1 ohm, and if the external resistance is 20 ohms, then 
if the cells are in series the total E.M.F. is 12 volts, and the total 



resistance 20+12 = 32 ohms ; hence the strength of the current is 
Jj = g ampere. If the cells are arranged all in parallel, the re- 
sistance of the battery is ^ ohm, and therefore the total resistance 
20 + tV = W ohms. The E.M.F. being in this case 1 volt, the 
strength of the current is ampere. The current strengths in 
each of the other possible modes of arranging the twelve cells may 
easily be calculated. 

Simple calculations based on Ohm’s law enable us to tell what, 
with a given number of cells and a given external resistance, is 
the best way of arranging them so as to produce the maximum 
effect. If the external resistance is great, as with a long length of 
telegraph wire, the cells should be arranged in series; if, On the 
contrary, it is small, such as a short thick magnetising spiral or 
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att electrolytic tank, the ceUs should be arranged in parallel. 
The general principle is that the best result is obtained when the 
total internal resistance of the battery is, as nearly as it can be 
made, equal to the total external resistance. 

525. Laws of electric resistance.—We shall make use of 
the tangent galvanometer (522) to demonstrate the laws of electric 
resistance, a matter of great importance both from the practical and 
also from the theoretical point of view. Suppose we connect a con¬ 
stant cell, B (498), with the binding screws of a tangent galvano¬ 
meter, G, in the manner represented in fig. 568, in which C and C' 
are two mercury cups, which enable us readily to introduce into 
the circuit wires of different materials and dimensions. If, in the 
first case, the coiled wire, R, represents a short length of the same 



wire as the connecting wires, which are usually copper, the needle 
of the galvanometer will be deflected through a certain angle, 
and the tangent of this angle is a measure of the strength of the 
current. 

Suppose now a greater length of the same wire be interposed: 
the angle erf deflection will, be smaller, showing that the current 
it weaker; and by the introduction of a still greater length it 
will be still more enfeebled. Hence, other things being equal, the 
Current is weaker when it has to traverse a greater length of a 
given conductor, or the resistance of a body increases with its 
length. 

If nour we substitute for the original wire, R, another wire of the 
samd fength nad the same material, but of smaller diameter, the 
timin',and by taking a still thinner wire it is again 
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mare enfeebled. On the contrary, if the same length of wire, of 
the same material but of greater diameter, be introduced, the 
current is stronger. Hence the smaller the section of a conductor, 
the greater is the resistance. ' 

Again, if for the original copper wire we take a wire of the same 
length and the same diameter, but of some different material, such 
as iron, we shall find that the current is weaker ; and if the wire 

R.KLvnv& Cross Sections of Wires v»hich for the same Length 
OFFER EQUAL RESISTANCES. 

Copper. Iron. Lead. Mercury. 


I 

Relative Lengths ok Wires which for the same Cross Section oefee 
equal Resistances. 

Fig. 569. 

be of German silver or of lead, it is still more enfeebled, showing 
that the resistance of a body depends on its specific nature. 

Continuing and varying these experiments, we arrive at the 
following general law : the resistance of any body is directly pro¬ 
portional to its length, and is inversely proportional to its cross 
section and to its conductive power. 
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Of oil substances in ordinary use, copper, when pure, is by far 
the best conductor j silver has only a slight advantage over copper 
in respect of electric conductivity. Fig. 569 represents the relations 
Of a few of the metals in this respect 

The quality of a metal has a great influence on its conducting 
power ; the presence in copper of minute traces of certain sub¬ 
stances, which it would be difficult to determine by chemical 
methods, greatly diminishes its conductivity, or, what is the same 
thing, increases its resistance. This is very important in the wires 
used in long lines of telegraph communication, more especially in 
the submarine cables (540). An impurity in the wire, which has the 
effect of reducing its conductivity, would have the same effect as 
if the current had to traverse an additional number of miles of 
the wire. 

Those metals which have a high conducting power for heat are 
those also which are good conductors of electricity. 

The resistance of liquids is much greater than that of metals ; 
thus, dilute sulphuric acid, which has the highest conductivity of 
all liquids, has about a million times as great a resistance as 
copper. 

The resistance of a body varies with the temperature ; that of 
metals increases with the temperature ; for instance, iron at a white 
heat has seven times as great a resistance as at the ordinary tem¬ 
perature. That of liquids, on the contrary, is diminished. Hence 
it is that the resistance of batteries is diminished after they have 
been in action for a while ; for whenever the circuit is closed, heat 
is produced m all parts of it, including the liquids, and thus the 
internal resistance is lessened. The insulation resistance of non¬ 
conductors such as india-rubber, gutta-percha, glass, etc., diminishes 
as the temperature rises. 

536. Shunts.—We may here describe the action of a shunt. 
Imagine a voltaic circuit made up of a battery, conducing wires 
and a galvanometer, and that the resistance of the battery is 2 ohms, 
that of the conducting wires or leads 1 ohm, and the resistance of 
the galvanometer is too ohms. Let the electromotive force of the 
battery be E, to which for our present purpose we need assign no 
numerical value. Then, according to Ohm’s law (524), the current 

will be-1. 

2 +. i + too 103 

Suppose now that a wire,», having a resistance of one ohm, 
is Joined at the points a c (fig. $70), a portion of the current will 
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tea shunted through s : the current which divides will do so in 
the proportion of too to j (512)—that is, 100 parts will pass 
through the shunt, and one part through the galvanometer. Now 
by adding the shunt the value of the primitive current is altered. 
The resistance of any two conductors joined 
in parallel , as it is termed, is equal to the 
product of the two divided by their sum ; 

in this case it is or virtually unity. 

So that the current which was — is now 

101 

E _ E 
2 + 1 + 1 4' 


But of this increased 


current -^th part only passes through the 
galvanometer—that is, the current in it 
is , or practically one quarter what it 



was before. 

Galvanometers are often provided with resistance-boxes (527) 
arranged as shunts, so that any given portion of the current may 
be passed through the galvanometer. It is thus possible to use 
very delicate galvanometers for measuring even powerful currents. 

527. Electric units.—It is perhaps one of the most charac¬ 
teristic features of the modem progress of electricity that, not only 
for purely scientific purposes, but also for the most ordinary 
practical applications, the quantities of electricity concerned can 
be determined with as great accuracy as can any weighing and 
measuring in daily life. All electric measurements may be ex¬ 
pressed by reference to certain fundamental standards, just as in 
ordinary life we have certain standards of weight and length. In 
an elementary work it is not practicable to give any adequate, and 
yet brief, account of the scientific basis of this system of electric 
measurements, and we may content ourselves with adopting and 
using them, just as we use the pound as standard of weight and 
the foot as measure of length, without entering into the reasons 
which have led to the adoption of these standards. 

It has already been pointed out (507) that three of the 
standard electric units—viz. those of resistance, electromotive 
force, and current strength—are called respectively an ohm, 
A valt } and an ampere. The oktn, which is defined by reference 


r 
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tt> a column of mercury (307), is usually represented by a certain 
length of wire of a definite mater ialand diameter. Such a length 
of wire is called a resistance-coil ,, and is usually employed 
in a resistance-box. Fig. 571 represents the way in which 
several such coils are arranged in the inside of a box. 

Each coil consists of a certain 
length of insulated wire, repre¬ 
senting a definite resistance 
and wound double; the ends 
are connected to solid pieces 
of brass. These pieces are 
not in contact, but can be 
connected by the insertion of 
brass plugs. 

If the terminals of a circuit 
are connected with TT' (fig. 
571) and all the plugs are inserted, the resistance-box offers no 
appreciable resistance, for the current passes by the plugs and the 
massive metal ; but by the removal of any of the plugs the current 
has to pass through the wire coil between the two brass pieces, 
and thus its resistance is introduced into the circuit. In the case 
represented in the figure the current has to traverse a resistance of 
4 ohms. 

The coils are in multiples and submultiples of ohms, and are so 
arranged that their combination may be as greatly varied with as 
few resistances as possible. Thus, a set of eleven coils of o-i, 0-2, 
0*2, o'5, 2, 2, 5, 10, 10, 20, and 50 enables us to introduce any 
resistance from 01 to 100 into the circuit. 

A form of resistance much in use for technical purposes is 
represented in fig. 572. The spiral wires are of German silver, and 
the Straight ones are stout copper wires which offer no appreciable 
resistance, both being connected with studs on a frame of insu¬ 
lating material. The terminals are at k and k, the one on the 
right being connected with a metal spring having an insulating 
handle. This can be moved backwards and forwards, and thus 
be placed in contact with any of the studs with which the resist¬ 
ances are connected. In this way, as an examination of the 
figure iWH show, any number of resistances from 1 to 10 may be 
brought into the circuit, the spring being so wide that continuity 
8 ttev<*r broken. 

A usjle of No. 8 iron telegraph wire, the diameter of which is 



Fig. 571. 



J of an inch, has a resistance of about 14 ohms. One hundred 
yards of hoop iron, half an inch in breadth, and one thirty-second 
of an inch in thickness, has a resistance of one ohm. 

A resistance of one million ohms is called a megohm , and a 
resistance equal to the millionth part of an ohm is a microhm. 

The electromotive forces, in volts, of some of the more common 
cells have been already given (507), 


The Ampere , or unit of strength of current, is defined from 
Ohm’s law (524) as being that current which would be produced 


by an electromotive force of 
a volt acting in a circuit 
through a resistance of an 
ohm ; or, for instance, what 
is the same, an E.M.F. of 
10 volts through a resistance 
of 10 ohms. A milliampere 
is the toVct of an ampere. 
The currents in ordinary use 
for electric lighting have a 
strength of from 10 to 70 am¬ 
peres or even more ; those 
in working the telegraph 
from 14 to 16 milhamperes. 
An ordinary-sized Darnell’s 
element with an internal re¬ 
sistance of i'3 will give a 
current of 0-8 ampere when 
put on short circuit , or short- 
circuited as it is technically 
called ; that is to say, when 
its poles are joined by a wire 
which has no appreciable 
resistance. In like manner 



a Bunsen’s element, whose Fig. 57*. 

internal resistance is •j’a of 

an ohm, in the same condition will produce a current of 18 amperes. 

The Coulomb is the unit of quantity of electricity ; it is that 
quantity which flows in a second of time through a circuit which 
has a resistance of an ohm with an electromotive force of a volt; 
or, in other words, it is that quantity which passes in one second 
with a current of an ampere. 
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The Vollcoulomb, or unit of electric work, is the wort done 
when a coulomb of electricity falls through a difference of potential 
of a volt; it is precisely analogous to the foot-pound or unit of 
mechanical work (286), and is known as the Joule. 

When this amount of electric work is done in one second, we 
have the unit of electric power or activity ; it is the effect produced 
when a coulomb of electricity passes in a second of time under an 
electromotive force of one volt; in other words, it is the rate of 
expenditure of energy when there is a current of one ampere under 
an electromotive force of one volt This Voltampere , or unit of 
electric power, is usually known as the Watt. A horse-power is 
equal to 746 watts, or one watt is 7 of a horse-power, or, what is 
the same, to 074 foot-pound (286) or 0-102 kilogrammetre. That 
is to say, that the amount of mechanical work represented by 0-74 
of a foot-pound, if it could be converted into electricity without 
loss, would produce for one second a current of an ampere under 
an E.M.F. of one volt. 

A Kilowatt or Board of Trade unit, is 1,000 watts, and is equal 
to 1-34 horse-power. 

The important industrial applications of electricity have led to 
the invention of amperemeters or ammeters , instruments by which 
the strength of a current in amperes may be directly read off. The 
amperemeter or ammeter is essentially a galvanometer in which the 
motion of the needle is controlled by a spring or by being placed in 
a powerful magnetic field. The instrument is graduated empirically 
by passing through it currents of known strength, which may 
be determined by a copper or Silver voltameter (512), and noting 
the corresponding positions of the needle. 

The Voltmeter , which is not to be confounded with the volta¬ 
meter (512), is also a special form of galvanometer by which the 
difference of potentials or number of volts between any two parts 
of a circuit can be indicated by a simple reading. The coil is of 
long fine wire, offering so great a resistance that it can be inter¬ 
posed as a shunt in the circuit without appreciably altering the 
strength of the current. It also is graduated empirically by noting 
On a scale the deflection of the needle when the ends of the wire 
are exposed to various known differences of potential. 
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CHAPTER X 
ELECTRODYNAMICS 

528. Action of currents on currents.—Ampere was led by 
experiment to the important discovery that electric currents act 
on each other as do magnets ; and out of this has arisen a special 
branch of physics, to which the name electrodynamics has been 
given. The actions which currents exert on each other are dif¬ 
ferent according as they are parallel or angular, 

I. Truo currents that 
are parallel^ but in con- 

parallel and in the same I | 

direction, attract each J ^ | | ' [ 

use may be made of the | P • 

apparatus represented in I . . | 

base are fixed two brass 

columns, A and B, joined BBj I 1 B 8 £ 

at the top by a wooden '„ §|p| 

cross-piece. In the centre f ,. 

of this is a brass binding 

screw, a, and below this a mercury cup, 0. In this is placed an 
iron pivot attached to the end of a copper wire which is bent in 
the manner represented in the figure, and terminates in a mercury 
cup, C, on the base of the apparatus. It thus forms a circuit 
movable about the pivot. 

This being premised, the circuit is arranged in the plane of the 
two columns, as shown in fig. 573 ; the positive pole of a voltaic 
battery is connected to the foot of the column A, and the negative 

uu 
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pole to the top of B. The current passes up A and thence by a 
copper wire to the binding screw, a; thence into the cup, o ; 
traverses the entire movable circuit in the direction of the arrows, 
reaches the cup, C, whence by a copper strip it passes to the foot 
of the column B, rises in this, and returns to the battery. When 
the current passes, the circuit moves away from the columns, and, 
after a few oscillations, comes to rest crosswise to its original 
position, thus showing that the ascending current in the columns 
and the descending current in the movable wire repel each other, 
thereby proving the first law. 

The second law may be established by means of the same 
apparatus, replacing the movable circuit depicted in fig. 573 by 
another so arranged that the current ascends in both the columns 
and in the two branches of the circuit. When the movable circuit 
is displaced, and the current is passed, the latter returns briskly 
towards the columns. 

Angular currents .—In the case of two angular currents, one 
fixed and the other movable, Ampfcre found that there was attrac¬ 
tion when both the currents moved towards, or both away from, 
the apex of the angle; and that repulsion 
took place when, one current moving towards 
the apex, the other moved away from it In 
other words, two straight currents tend to 
become parallel to each other with the 
currents flowing in the same direction. 

529. Roget’s vibrating spiral —The 
attraction between currents in the same 
direction may be very beautifully illustrated 
by Rogefs vibrating spiral (fig. 574). A 
spiral of copper wire is fixed at one end to 
a binding screw, attached to an adjustable 
metal support, a ; which, together with a 
binding screw, terminating in a cup, are fixed 
on a non-conducting base. The lower end 
Fig. 574. of the spiral, which is weighted, dips in 

mercury in the cup. The poles of a battery 
being connected with the binding screws, the spiral at once begins 
to oscillate up and down. For the individual turns of the spiral 
are traversed by the current and attract each other; the spiral 
becomes shorter, its lower end no longer dips in the mercury, and 
the current ceases to pass. Owing to their weight, the windings, 
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being no longer attracted, sink again, the end dips in mercury, the 
current again passes, the individual turns again attract each other, 
and so on. The action is improved if a soft iron rod or a bundle 
of thin iron wires is introduced into the spiral. 

SOLENOIDS 

530. Structure of a solenoid.—A solenoid is a system of equal 
and parallel circular currents formed of the same piece of covered 
copper wire, and coiled in the form of a helix or spiral, as re¬ 
presented in fig. 575. A solenoid, however, is only complete when 
part of the wire passes in the direction of the axis in the interior 
of the helix, as shown in fig. 

575. With this arrangement 
the solenoid, when supported 
by means of the pivots m two 
suitably placed mercury cups 
(seefig. 582),andacurrentpassed 
through it, is directed by the 
earth exactly as if it were a 
magnetic needle. If the sole¬ 
noid is deflected it will, after a few oscillations, rest with its axis 
in the magnetic meridian. Further, it will be found that, to 
an observer facing the north end of the solenoid, the current is 
circulating in the direction opposite to that in which the hands of 
a watch move. If he faces the south end, the direction of the 
current is the same as that of the hands of a watch. 

531. De la Rive’s floater.—The properties of solenoids may be 
very conveniently illustrated and studied by means of what is known 
as De la Rive’s floater. This consists of a copper wire bent in a 
ring or twisted in the form of a solenoid, the ends of the wire being 
soldered respectively to small plates of zinc and copper which are 
passed through a cork (fig. 576). If this apparatus is floated on 
a basin of slightly acidulated water, the voltaic action set up between 
the plates produces a current which traverses the solenoid. This 
then sets in a direction of magnetic north and south, and behaves 
in this respect just as if it were a magnet floated on a piece of cork 
(fig. 432). 

Ifj instead of the solenoid in fig. 576, the wire is coiled m the 
form of a ring, and the pole of a magnetised bar is presented to 
the ring, it will be seen to move along the rod, vhich it encircles, 

u o 2 



towards the middle, where it remains stationary. This action is 
Illustrative of the general principle that when a coil or circuit in a 



Fig 576 


magnetic field is traversed by a current, it places itself so as to 
enclose the greatest number of lines of force. 

533. Mutual action of magnets and solenoids. —The same 
phenomena of attraction and repulsion can be shown between 
two solenoids or between a solenoid and a magnet as between two 
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phenomenon takes place when a solenoid, traversed by a current 
and held in the hand, is presented to a movable magnetic needle 
Hence the law of attractions and repulsions applies to the case of 
the mutual action of solenoids and of magnets. Similarly, when 
two solenoids traversed by a powerful current are allowed to act 
on each other, one of them being held in the hand, and the other 
being movable about a vertical axis as shown in fig. 577, attraction 
and repulsion will take place just as in the case of two magnets. 

If a magnet is suspended just within the axis of a solenoid 
or magnetising spiral and a current is passed through it, then, 
according as the pole of the magnet and the spiral are opposite or 
are the same, the magnet is drawn into or repelled 
from the spiral. If, instead of a magnet, a soft iron 
rod is presented, this is drawn within the coil, and the 
more so the stronger the current. This principle is of 
frequent application in the regulation of arc lamps ; 
and fig. 578 represents in section a spring ammeter 
based on it for measuring the strengths of currents, 
which from its simplicity may serve as an illustration 
of the technical instruments used for this purpose 
(527). S is a magnetising spiral terminating in bind¬ 
ing screws. E is a thin cylinder of pure soft iron with 
an index i, and is attached to a spiral spring,/; The 
position of the spring can be adjusted by means of a 
screw, so that when no current passes the index is at 
zero of a scale at the side of the cylinder. By passing 
various currents of known strengths and noting the 
corresponding positions of the index, the scale is 
graduated, so that, on passing any current through, 
its strength in amperes is at once shown. The con¬ 
struction is improved by fixing a soft iron rod in the 
magnetising coil which projects inside the soft iron 
cylinder, E ; this is magnetised by the current, and, 
adding its effect to that of the current, a greater degree of sensi¬ 
tiveness is obtained. 

These phenomena are readily explained by reference to what 
has been said about the mutual actions of the currents, bearing in 
mind the direction of the currents in the ends A and A’ presented 
to each other. 

533. Ampfere’s theory of magnetism.—Ampere propounded a 
taost ingenious theory, based on the analogy which exists between 
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sotenoids and magnets, by which all magnetic phenomena may be 
referred to electrodynamic principles. 

Instead of attributing magnetic phenomena to the existence 
of two fluids, Ampbre assumed that each individual molecule of 
a magnetic substance is traversed by an electric current When 
the magnetic substance is not magnetised, these molecular currents, 
under the influence of their mutual attractions, occupy such 
positions that their total action on any external substance vanishes. 
Magnetisation consists in giving to these molecular currents a 
parallel direction, and the stronger the magnetising force the more 
perfect the parallelism. The limit of magnetisation is attained 
when the currents are completely parallel. 

The resultant of the actions of all the molecular currents is 
equivalent to that of a single current which traverses the outside of 
a magnet. For by inspection of fig. 579, in which the molecular 



currents are represented 
by a series of small in¬ 
ternal circles in the two 
ends of a cylindrical bar, 
it will be seen that the 
adjacent parts of the cur¬ 
rents oppose one another, 
and cannot exercise any 
external electrodynamic 
action, which is not the 
case with those on the 
surface. 


The direction of these currents in magnets can be ascertained 
by considering the suspended solenoid (fig. 575). If we suppose 
it traversed by a current, and in equilibrium in the magnetic 
meridian, it will set in such a position that in the lower half of 
each coil the current flows from east to west. We may then 
establish the following rule:— 


To an observer facing the north pole of a magnet the direction 
of the Amplrean currents is opposite that of the motion of the hands 
of a watch, and at the south pole the direction as the same as that of 
ike hands. 


534. Terrestrial current—In order to explain terrestrial 
magnetic effects on this supposition, the existence of electric 
cufrenpljils assumed which continually circulate round our globe 
fiua£«&t:lo west, perpendicular to tbe magnetic meridian. 
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The resultant of their action is a single current traversing the 
magnetic equator from east to west. These currents are supposed 
to be thermoelectric currents (562) due to the variations of tempe¬ 
rature caused by the successive influence of the sun on the different 
parts of the globe from east to west. 

These currents direct magnetic needles ; for a suspended mag¬ 
netic needle comes to rest when the molecular currents on its 
under surface are parallel to, and in the same direction as, the 
earth currents. As the molecular currents are at right angles to 
the direction of its length, the needle places its greatest length at 
right angles to east and west—that is, it sets north and south. 
Natural magnetisation is, in accordance with this view, probably 
imparted in the same way to iron minerals. 

535. Vibrating wire. Barlow’s wheel.—An interesting ex¬ 
ample of the action of a magnet on an electric current is seen in 
the experiment represented in fig. 

580. HQ is a wire playing in a 
loop connected with one pole of a 
battery, the other pole of which 
leads to a groove containing mer. 
cury which is between the poles 
of a horseshoe magnet When the 
current passes, the wire vibrates 
either towards the magnet or away 
from it, according to the direc¬ 
tion in which the current passes. This is readily understood if we 
consider the direction of the imaginary currents circulating in the 
magnets on Ampere’s hypothesis. The molecular currents ab and 
cd on the side next the wire determine the motion ; they attract 
a current going in the same direction, HQ, and the wire is moved 
inwards. Its contact with the mercury is soon broken ; the current 
then ceases to pass ; it falls again by its own weight, the current is 
again made, and so on, the end of the wire vibrating continually in 
and out of the mercury. If the current is in the opposite direction, 
that is from Q to H, there is repulsion between the molecular 
current in the magnets and in the wire; the molecular currents 
repel this, and the vibration is towards the outside. The result 
may of course be otherwise explained without reference to Ampere’s 
theory, It has been seen (520) that a current in a straight wire 
produces a magnetic field all round it, and that if the wire be fixed 
a movable north pole in its neighbourhood tends to travel towards 
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the left oi an imaginary observer swimming with the current. 
Similarly, if the pole be fixed and the wire carrying the current be 
movable, the wire will move towards the right hand of the swimmer. 
This consideration leads at once to the result observed with the 
apparatus in fig. 58a 

A further illustration is afforded by Barlow’s wheel (fig, 581), 
This consists of a light copper disc, with deep indentations, form¬ 
ing a sort of star rotating easily 
in a fork, and the points just 
dipping m a groove containing 
mercury between the poles of a 
horseshoe magnet. When wires 
from a battery are connected as 
shown in the figure, the star at 
once rotates, and the direction 
of the rotation depends on the 
direction of the current 

If, as shown in the figure, 
the current passes downwards 
Fig. 581, * through a vertical spoke, the 

latter moves towards the right, 
contact is then broken and made by another spoke, and the spokes 
follow in such rapid succession as to produce continuous rotation. 

This result may be explained on Ampere’s theory, or, more 
easily, by reference to the imaginary swimmer. 

536. Action of magnet* and of the earth on current*.—A further 
illustration of the mutual action of currents and magnets is afforded 
by the apparatus illustrated in fig. 582, A circle of copper wire, 
provided at the end with steel points, dips in two mercury cups. 
These mercury cups are at the ends of two metal rods attached to 
two vertical columns, with which can be connected a cell or 
battery. By this arrangement, which is known as Ampere’s stand, 
we have a movable circuit traversed by a current When the 
hoop is at rest, if a powerful magnet be placed beneath it, but in 
its plane, the circuit will be seen to turn and set transversely to the 
length of the bar, which is the converse of Oersted's experiment. 

The terrestrial globe, which acts like a magnet on magnetic 
needles, acts in the same manner on the movable circuits—that is, 
it causes them to set at right angles to the magnetic meridian. 
Thw. aCtion may be demonstrated by the above apparatus. Let 
before die circuit is completed, be placed in the magnetic 
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meridian, and then the two poles of the battery connected with the 
two columns ; the circuit is soon observed to set transversely to 
its first position, and in such a way that, in the lower part <fi the 
circuit, the direction of the current is from east to west 



Fig, 583. 

The hoop with its circulating current behaves, when placed in 
a magnetic field, exactly like a thin disc of steel magnetised with 
one face north and the other south. Such a disc, if suspended by 
a point on its circumference, will settle to rest with its north pole 
towards the magnetic north, and its plane perpendicular to the 
magnetic meridian- 
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CHAPTER XI 

ELECTROMAGNETS. TELEGRAPHS 

537. Electromagnets.—When an insulated copper wire is 
coiled round a rod of magnetic substance (fig. 583), and a current 
passed through the wire, the rod becomes magnetised, the more 
strongly the greater the number of turns of wire coiled on it, and 
the stronger the current. In other words, the magnetic effect is 
proportional to the number of ampere-turns. One end of the rod 
is a north pole, the other end a south pole. The lines of force due 



Fig. sB* 

to the magnetised rod may he investigated hy means of iron 
filings (411), and will be found to be exactly similar to those observed 
with an ordinary steel magnet. If the rod experimented on is of 
steel, a large part of the magnetism remains after the circuit has 
been broken. The steel is permanently magnetised, and indeed 
this is the most effective method of making a permanent magnet 
If the rod is of soft wrought iron, the [magnetism acquired is 



Fig. 5S4. 


greater than in the case of steel, but lasts only so long as the 
current flows. Practically all the magnetism disappears when the 
circuit is broken. If the current is reversed, the polarity is 
simultaneously reversed. The connection between the direction 
of winding, the direction of the current, and the polarity of the 
magnet is shown in figs, 583 and 584. In the former the winding 
is.jp'&t-handed, in the latter left-handed, but in both it will be 
Bogced that if to an observer looking at the end of the coil the 
MW » going round in the same direction as the hands of a 
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watch, that end of the rod is a south pole. Or the rule may be 
stated thus : the north pole will always be to the left of a swimmer 
in the wire, who is swimming with the current and looking towards 
the magnetised core. 

Electromagnets are bars of soft iron which, under the 
influence of a voltaic current, become magnets ; they frequently 
have the horseshoe form, as shown in fig. 585, and several layers 
of insulated copper wire are wrapped round them on the two 
branches, so as to form two bobbins, A and B. In order that the 
two ends of the horseshoe may be of opposite polarity, the winding 
on the two limbs, A and B, must be such that if the horseshoe 
were straightened out it would be in the same direction. 

The core of an electromagnet, instead of being made in one 
piece, is more usually constructed of two iron cylinders, firmly 
screwed to a stout piece of 
the same metal, called the 
yoke. Such are the electro¬ 
magnets in Morse’s telegraph 
(fig- 587 )- 

The lifting power or 
traction of an electromagnet 
(fig. 585) depends upon the 
number of ampere-turns, the 
diameter of iron core, and 
the closeness of contact 
between the poles and the 
keeper. An electromagnet 
need not be very powerful to 
support one person (fig. 5 ® 5 )- 
538. Electric telegraphs. 

These are apparatus by which 
signals can be transmitted to 
considerable distances, and 
with enormous speed, by 
means of electric currents 
propagated in metal wires. 

Towards the end of the last 
century, and at the beginning 

correspond at a distance by means of the 
effects produced by electric machines when propagated m insulated 















668 Voltaic Electricity [ 088 - 

conducting wires. In j8n Soemmering invented a telegraph in 
which he used the decomposition of water for giving signals. In 
1820, at a time when the electromagnet was unknown, Ampfere 
proposed to correspond by means of magnetic needles, above which 
a current was sent, as many wires and needles being used as letters 
were required. In 1834 Gauss and Weber constructed an electro¬ 
magnetic telegraph, in which a voltaic current transmitted by a wire 
acted on a magnetised bar, the oscillations of which, under its 
influence, were observed by a telescope. They succeeded thus in 
sending signals from the Observatory to the Physical Cabinet in 
Gbttingen, a distance of a mile and a quarter, and to them belongs 
the honour of having first demonstrated experimentally the possi¬ 
bility of electric communication at a considerable distance. In 
1837 Steinheil in Munich, and Wheatstone in London, constructed 



Fig. 586. 


telegraphs in which several wires each acted on a single needle, 
the current being produced in the first case by an electromagnetic 
machine, and in the second by a constant battery. 

Every electric telegraph consists essentially of three parts: 
l, a circuit, consisting of a metallic connection between two places, 
and a source of electric current; 2, a communicator or sender , for 
sending the signals from one of the stations ; and, 3, an indicator 
or receiver , for receiving them at the other station. The manner 
in which these objects, especially the last two, are effected can be 
greatly varied. The three principal systems are the needle tele- 
graph, the dial telegraph, and the Morse telegraph. 

lie needle telegraph is essentially a vertical galvanometer (521); 
that is to say, a magnetic needle suspended vertically in a coil of 
insulated wire. To the needle is attached an index, which is seen 
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on the front of the apparatus. The signs are made by transmitting 
the current in different directions through the galvanometer, by 
which the needle is deflected either to the right or left, according 
to the irill of the operator. The instrument by which this is 
effected is called a key, or commutator. 

In the dial telegraph an electromagnet causes an index to move 
over a dial provided with the twenty-six letters of the alphabet, 
that letter in front of which the needle stops being the letter sent. 
By this kind of telegraph messages are not sent with great rapidity, 
and the mechanism is somewhat complicated and apt to get out of 
order; yet, as the manipulation is very simple, it is occasionally 
found in private offices. 

539. Principle of Morse’s telegraph.—This telegraph is based 
on the temporary magnetisation of soft iron by the intermittent 
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passage of currents. Thus let E (fig. 586) be a fixed electro¬ 
magnet, the insulated wires of which are attached to the two binding 
screws, a and b. Above this electromagnet is a lever, mn, movable 
about an axis, i, and ending in an armature of soft iron, m, so that, 
whenever the electromagnet is traversed by a current, the armature 
is attracted, and the part of the lever on the right of the fulcrum is 
lowered; then, when the current no longer passes, a spring, R, 
raises the lever to an extent regulated by a screw, O. 

Suppose, for example, the electromagnet is at Bristol, and that 
there is a cell, P, at London, and two metal wires, A and B, by 
one of which die binding screw, b, is permanently connected with 
the negative pole of the battery, while the experimenter holds die 
other wire in his hand. So long as the experimenter does not place 
the wire, which he holds in his hand, in contact witb : the 1 positive 
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pole, the current does not pass ; and-as the electromagnet does not 
act, the aim, im, of the lever is raised (fig. 586), But the moment 
contact is made the circuit is closed, the electromagnet attracts, 
and the arm, im, is lowered (fig. 587); but it resumes its original 
position as soon as contact is broken, and so on at the will of the 
operator. Thus one person at London can cause the lever, tnn, to 
oscillate at Bristol as often and as rapidly as he desires. This is, 
in its simplest form, the principle of the elementary mechanism of 
electric telegraphs based on electromagnetism. It only remains to 
give to these oscillations a definite meaning (543). 

540. Line wire.—Of the various essentials for telegraphic com¬ 
munication, the batteries or sources of power have been already 

described, and we shall there¬ 
fore pass to the explanation of 
the circuit, or line wire. 

Line wires are either air, 
subterranean , or submarine. 

The air wire consists of 
a stout galvanised iron wire 
connecting two stations. At 
certain intervals are wooden 
posts, to which are attached 
insulating supports of porce¬ 
lain, which sustain the wire 
Fig. 588. (fig. 588). Subterranean wires 

are used in cases in which 
an afirial wire would not be sufficiently protected against accident, 
as in towns. They usually consist of copper wires covered with 
gutta-percha ; this insulates them from the earth in which they are 
placed. 

Submarine wires or cables are such as are employed in deep 
seas, where great strength is required. The ordinary form is 
represented in figs. 589 and 590. The core consists of seven fine 
wires of very pure copper, which are twisted together. This is sur¬ 
rounded by an insulating coating of four consecutive layers of 
gutta-percha, alternating with the same number erf layers of a 
material known as Ckatterton’s compound, which is essentially a 
mixture of resin, pitch, and gutta-percha applied hot. Round 
this Is a layer of tarred hemp, and this again is surrounded by a 
protective coating of steel wire coated with tarred hemp, which 
pcqsetvts it from the corrosive action of the sea. 
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Fig- 589 gives a longitudinal view of a submarine cable, and 
fig. 590 a cross section. The diameter of such a cable is about an 




Fig. 389. 


Fig 590. 


inch, it weighs about a ton to the mile, and its resistance is from 3$ 
to 10 ohms per mile. 

541. The earth as a conductor.—In figs. 586 and 587 we 
have not merely a wire connecting the positive pole of the battery 
with the electromagnet, but there is a second one which acts as a 
return wire. In 1837 Steinheil made the very important discovery 
that the earth might be utilised for the return conductor. This 
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has the twofold advantage of doing away with the expense of a 
second wire and also of lessening the resistance. 

With this view, at the sending station, a copper wire is attached 
to the negative pole, which is fixed at the other end to a copper 
plate, Q. This plate is placed in water if possible (fig. 591), or at 
all events is sunk some depth in earth, the object being the same 
as in making the earth connection of a lightning-conductor. In 
like manner, at the receiving station, a similar wire and plate, S, 
are connected with the binding screw, b. Thus, the circuit is 
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completed by the earth between the plates Q and S, and the 
electricity circulates exactly in the same way as when, instead of 
the earth, there was a metallic return wire, B (fig. 5^6). The 
resistance between the plates Q and S is comparatively small, and, 
provided they are not too close together, is independent of their 
distance apart 

542. Morse’s telegraph.—Fig, 592 represents a station at which 
a despatch is being sent by the help of this apparatus, and fig. 



Fig. 599. 

593 represents the receiving station. At each station the apparatus 
is the same ; it is double, and consists of two distinct parts—the 
key, by which the signals are sent, and the receiving instrument , 
which registers them. The two parts are represented on a larger 
scple is figs, $94 and 595* 
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To understand how they work, let us begin with fig. 592. Below 
the table is a box containing the battery, which furnishes the current. 
The current passes by the wire, P, into the key, which will be after¬ 
wards described (fig. 594). Thence it passes into a small galvano¬ 
meter, /, which indicates by the deflection of its needle whether 
the current is passing or not. The current ultimately attains the 
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piece, M, which acts as a lightning-conductor, as we shall afterwards 
see, and thence it goes to the wire, L, which is the 

This wire is again seen at the top of fig. 593 . whence the 
arriving current again passes into the lightning-conductor, thm 
into a galvanometer, and next to a key, whence ,t P^ ^ the 
electromagnet, which makes part of the receiver. It then enters 
-the Wile, Ti which leads it to earth. ^ ^ 
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543. Morse’* key end receiving instrument —The general 
arrangement of the apparatus being understood, the following are 
the details of its action. The key consists of a small mahogany 
base, which acts as a support for a metal lever, hk (fig, 594), 
movable about a horizontal axis in the middle. The end, B, of this 

lever is always pressed 
upwards by a spring, r, 
beneath ; at the other 
end a screw passes 
through it, which rests 
on a small metal sup¬ 
port in contact with the 
wire, A, Fig. 594 re¬ 
presents the key at the 
moment it receives the despatch, as at work, for instance, in 
fig. 595. The current enters then by the wire, L, which is the line 
wire, rises into the lever, hk, and descends by the screw pin, a, 
into the wire, A, which leads to the indicator. If, on the other 
hand, the key is to be used for sending a message, as represented 
in fig. 592, it will be seen that the lever, kh, does not touch the 
metal pin in which the wire, P, terminates. But if the lever, h , is 
lowered by pressing the end, B, the current, P, at once passes into 
the lever, hk, and thence into the wire, L, which leads it to the 
station signalled to ; for the same wire is used to send and to 
receive the message. 

The indicator or receiver consists of an electromagnet, E (fig. 
595), which, whenever the current is transmitted, attracts an arma¬ 
ture of soft iron, 
m, fixed at the 
end of a lever, 
mn, movable 
about an axis; 
when the circuit 
is open, the lever 
is raised by a 
spring, R. At 
the other end of 
»*• the lever there is 

a pencil, x, which writes the signals. For this purpose a long 
band sf strong paper, ah, rolled round a drum S (figs. 592 and 
593), passes between two brass rollers with a rough surface,Ttum- 
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lug in contrary directions. Drawn in the direction of the arrows, 
the band of paper becomes rolled on a second drum, which is 
turned by hand. A clockwork motion placed in a box, V, works 
the rollers between which the band of paper passes. 

The paper being thus set in motion, whenever the electromagnet 
works, the point, .r, strikes the paper, and, without perforating it, 
produces an indentation, the shape of which depends on the time 
during which the point is in contact with the paper. If it only 
strikes it instantaneously, it makes a dot (-); but if the contact is 
of any greater duration, a line or dash (—) of corresponding length 
is produced. Hence, by varying the length of contact of the trans¬ 
mitting key at one station, a combination of dots or dashes may 
be produced at another station, and it is only necessary to give a 
definite meaning to these combinations. 

This is effected as follows in Morse’s alphabet:— 
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The other signals are those of the single-needle instrument 
(538). The signal \ denotes a deflection of the top of the vertical 

X X 2 
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needle to the left, and the signal / to the right. They correspond 
respectively to the dot and dash of the Morse alphabet 

544. The sonader.—Any one present while a message is being 
received at a telegraph station is astonished at the promptitude 
and accuracy with which signals are read and transmitted by the 
operators. These acquire such skill that they can read a message 
by the sounds which the armature makes in striking against the 
electromagnet of the indicator. 

Based on this fact, a form of instrument invented tn America 
has come into use for the purpose of reading by sound. The 
sounder , as it is called, is essentially a small electromagnet on an 
ebonite base, resembling the relay in fig. 599. The armature is 
attached to one end of a lever, and is kept at a certain distance 
from the electromagnet by a spring. When the current passes, 
the armature is attracted against the electromagnet with a sharp 
click, and when the current ceases it is withdrawn by the spring. 
Hence the interval between the sounds is of longei or shortei 
duration according to the will of the sender, and thus in effect a 
series of short and long sounds can be produced, which correspond 
respectively to the dots and dashes of the Morse alphabet. 

545. Improvements in Morse’s telegraph.—In the apparatus 
just described, the indentations on the paper only give indistinct 
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dots and dashes, unless the current transmitted be very powerful. 
To get rid of this inconvenience, and to expend less force, the 
apparatus has been modified so that the signals can be traced in 
ink. With this view, all the other parts being the same, the fol¬ 
lowing arrangement is made 1— 
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A roller, a, fig. 597, covered with flannel, is moistened with a 
Suitable ink, and is in contact with an endless band passing round 
on two pulleys, o, 0 , which are turned by the clockwork motion 
which moves the paper. The paper is kept by a roller, b, very 
near the inked band, but not touching it. That being premised, 
whenever the current passes in the electromagnet, the armature, 
A, is attracted, the arm of the lever, k, is depressed, and a pin, 2, 
at its end rests on the band, and places it in contact with the 
paper. The band, depositing the ink which it has taken from the 
roller, makes on the paper, as it moves along, a dot or a dash 
according to the length of time the current passes, which dots 
and dashes have the same meaning as above. 

546. Lightning-conductor.— Besides the parts of the telegraph 
already described, there are three of which mention must be made : 
the lightning-conductor , the bell or alarum , and the relay. 

The object of the lightning-conductor is to preserve the tele¬ 
graphic instruments from damage due to lightning discharges 
which may have struck some part of the circuit with which the 
instruments are in connection. It is well known that a sudden 
charge of electricity like that of a lightning flash, in making its u ay to 
earth, will more readily jump across an air space than pass through 
a coil of wire. The lightning-conductor- is so constructed as to 
Utilise this principle and divert the discharge from the instruments. 

Represented at M in figs. 592 and 593, it consists of a vertical 
stand on which are two copper plates, indented like a saw, and 
arranged so that the teeth are near each other but do not touch. 
One of these plates is connected with the earth, the other with the 
line wire. Hence, when, from any cause, a discharge of electricity 
reaches the apparatus, it escapes by the points to the plate which 
is connected with the ground, and thus all danger to the instru¬ 
ments is avoided. 

547. Electric belL —The electric bell is intended to warn the 
receiving station that a message is about to be sent. Represented 
in fig. 598, it consists of a board on which is fixed an electromagnet 
by means of a piece of brass, E. The current from the line 
arriving by a binding screw, m, passes to the wire of the electro¬ 
magnet, thence into the armature, a, into a steel spring, c, which 
presses against the armature, and ultimately emerges by a second 
terminal, n. 

Thus, whenever the current of the line wire reaches the electro¬ 
magnet, the armature, a, is attracted, and a clapper, P, fixed to this 
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armature, strikes against a bell, T, and makes it sound. The 
moment the clapper strikes, as the armature is no longer in contact 
with the spring, C, the circuit is broken, the electromagnet no 
longer attracts, and the armature reverts to its original position by 
the action of a spring, t, to which it is fixed. 

The circuit being closed afresh, a second attraction takes 
place, and so on until the telegraph clerk, thus warned, lets the 

current pass directly into the re¬ 
ceiver without passing through the 
bell. This he accomplishes by 
connecting the terminals m and 
n by a short strip of brass by 
means of an arrangement called a 
shunt (526). 

Relay .—In describing the re¬ 
ceiver, we have assumed that the 
current of the line coming by the 
long wire, A (fig. 587), entered di¬ 
rectly into the electromagnet, and 
worked the armature, E ; but when 
the current has to traverse a dis¬ 
tance of a few miles, owing to the 
resistance of the wire and the 
losses due to bad insulation, its 
strength is so greatly diminished 
that it cannot act upon the electro¬ 
magnet with sufficient force to 
print a despatch. Hence it is necessary to have recourse to a 
relay i that is, to an auxiliary electromagnet, which is still traversed 
by the current of the line, but which serves to introduce into the 
circuit of the Morse instrument the current of a sufficiently 
powerful local battery placed at the station, and only used to print 
the signals transmitted by the wire. 

For this purpose the current from the line entering the relayby 
the binding screw, L (fig. 599), passes into an electromagnet, E, 
whence it passes into the earth by the binding screw, T. Now, 
each time that the current of the line passes into the relay the 
electromagnet attracts an armature, A, fixed at the bottom of a 
vertical,lever, p, which oscillates about a horizontal axis. 

At each oscillation the top of the lever, p, strikes against a 

button, «, and at this moment the current of the local battery, 

y v, 
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which enters by the binding screw, c, ascends the column, 1 m, 
passes into the lever, /, and, by an insulated contact not shown in 
the figure, descends by the rod, o, which transmits it to the binding 
screw, Z ; thence it enters the electromagnet of the indicator, 
whence it emerges to return to the local battery from which it 
started, and thus completes the circuit. Thus, when the current tn 
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the line ceases, the electromagnet of the relay, E, does not act, 
and the lever,/, drawn by a spring, r, leaves the button,«, as shown 
in the drawing, and the local current no longer passes. Thus the 
relay transmits to the indicator exactly the same phases of make 
and break, dot and dash, as those produced by the key in the 
station which sends the despatch. 
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CHAPTER XII 
CURRENT INDUCTION 

548. Induction by currents. —We have already seen (444) 
that by the term induction is meant the action which electrified 
bodies exert at a distance on bodies in the natural state. Hitherto 
we have only had to deal with electrostatic induction; we shall 
now see that dynamic electricity produces analogous effects. 

Faraday discovered this class of phenomena in 1832, and he 
gave the name of currents of induction or induced currents to 
instantaneous currents developed in metallic conductors by the 
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influence or induction of metallic conductors traversed by electric 
Currents, or by the influence of powerful magnets, or even by the 
magnetic action of the earth ; and the currents which give rise to 
them he called inducing currents. 

The inductive action of currents at the moment of opening or 
dosing may be sb#^- by means of a coil with two wires. This 
consists {fig. 6oo)'bfiy| hollow cylinder of wood or of cardboard, on 
which a quantity: oi stout silk-covered copper wire is coiled; on 
'" Lj ‘ ; considerably greater length of fine copper wire, 
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also insulated by being covered with silk. This latter cod, which 
is called the secondary coil, is connected by its ends with two binding 
screws, a, b, from which wires pass to a galvanometer, G, while the 
thicker wire, the primary coil , is connected by its extremities with 
two binding screws, c and d. One of these, d, being joined to 
one pole of a battery, when a wire from the other pole is connected 
with c, the current passes in the primary coil, and in this alone. 
The following phenomena are then observed 

i. At the moment of completing the primary circuit the galvano¬ 
meter, by the deflection of the needle, indicates the existence in 
the secondary coil of a current inverse to that m the primary coil, 
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that is, in the contrary direction ; this is only momentary, for the 
needle immediately reverts to zero, and remains so as long as the 
inducing current passes continuously through ta. 

ii. At the moment at which the primary current is stopped— 
that is, when the wire cd ceases to be traversed by a current—there 
is again produced in the wire ab an induced current, instantaneous 
like the first, but direct ; that is, in the same direction as the 
inducing current. 

549, Induction by magnets and by the action of the earth.— 

it has been seen that the influence of a current magnetises a 
steel tor; in like manner a magnet can produce induced electric 
currents in metallic circuits. Faraday first showed this by means 
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of a coil with a single wire of 300 to 300 yards in length- The two 
extremities of the wire being connected with the galvanometer, 
as shown in fig. 601, one end of a bar magnet is suddenly inserted 
in the bobbin, and the following phenomena are observed :— 

L At the moment at which the magnet. A, is introduced, the 
galvanometer indicates in the wire the existence of an inverse 
current; one, that is to say, the direction of which is opposed to 
that which circulates round the magnet, considering the latter as 
a solenoid on Ampere’s theory (533). 

ii. The needle at once returns to zero, and remains there as 
long as the magnet is at rest in the coil; when it is withdrawn, 
the needle of the galvanometer indicates the passage of a direct 
momentary current; that is, one in the opposite direction to the 
first 

These effects are also produced if the experiment is made with 
a coil conveying a current instead of with the magnet represented 
in fig. 601. 

The inductive action of magnets may also be illustrated by the 
following experimentA bar of soft iron, or, still better, a bundle 
of soft iron wires, is placed in the above coil, and one pole, N, 
of a strong magnet is suddenly brought in contact with it ; the 
needle of the galvanometer is deflected, but returns to zero when 
the magnet is stationary, and is deflected in the opposite direction 
when it is removed. If the experiment is repeated by inducing 
the opposite pole, S, the effects will be the same, though the direc¬ 
tion of the current will be the exact opposite. The induction is here 
produced by the magnetisation Of the soft iron bar in the interior of 
the bobbin under the influence of the magnet 

A current is induced in a coil forming part of a closed circuit if the 
lines of force passing through it are in any way altered. If the 
number of lines is increased the current will be in one direction, if 
diminished in the opposite. But so long as the number (whether 
large or small) remains constant, there will be no induced current 
This general statement comprises all the cases mentioned above. 

Faraday discovered that terrestrial magnetism can develop 
induced currents in metallic bodies in motion, and that it acts like 
a powerful magnet placed in the interior of the earth, or, according 
to the theory of Ampere, like a series of electric currents directed 
fromeast to west parallel to the magnetic equator. He first proved 
tbis by j»]acgju£4 fiat coil of wire with its plane perpendicular to 
npedfe On rapidly turning this coil through a semicircle 
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about a diameter, he observed that at each turn the needle of a 
galvanometer, connected with the two ends of the coil, was 
deflected. 

55 °- Extra current. —A long length of insulated wire is wound 
closely so as to form a compact spiral, and one of the free ends is 
connected with one pole of a battery of two or three cells, the 
other pole of which is connected with a mercury cup. On making 
the circuit, by placing the free end of the coil in the mercury, a 
scarcely perceptible spark is obtained. But on breaking the cir¬ 
cuit, by taking the end out of the cup, the spark produced is much 
longer, brighter, and denser. 

This is due to an inductive action which each of the windings 
of the coil exerts on its neighbours, producing a current opposite 
in direction to its own, the effect of which is to retard the esta¬ 
blishment of the steady current. 

When the circuit is broken, inductive action again takes place, 
but its direction is the same as that of the current; its effect would 
be to prolong the current, but since the circuit is broken, the 
electromotive force of the induction adds itself to that of the dis¬ 
appearing current, and a far more powerful spark is produced. 
This may be compared in its effects to what takes place when we 
suddenly turn the cock of a high-pressure u'ater service with the 
flow on ; the momentum will sometimes burst the pipe, and in 
like manner this sudden cessation of the current may destroy the 
insulation of the coil. 

The phenomenon described is known as that of self-induction, 
and the current produced was called by Faraday, the discoverer, 
the extra current. 

Its existence may be demonstrated by interposing the body as 
a shunt (526) in a circuit containing a single Grove or Bunsen cell 
and a large electromagnet. If the hands are wetted and one hand 
firmly grasps an old file connected with one terminal, w'hile a wire 
from the second terminal is drawn along the teeth of the file by 
the other hand, brilliant sparks are seen, due to the successive 
making and breaking of the circuit, and violent shocks are felt in 
the hands and arms. The intensity of the effect depends on the 
change in the number of lines of force enclosed by the circuit at 
each break. Hence the necessity for a large electromagnet (i.e. 
large self-induction). 

The effects of self-induction may be illustrated by the follow¬ 
ing experiment An alternating current (551) divides into two 
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branches, one of which is a coil of insulated wire, while there is 
a glow-lamp in the other; the current is so adjusted that the 

lamp just glows 
(fig.|6o2). If now 
a soft iron bar 
is suddenly in¬ 
serted in the coil, 
the lamp glows 
brightly for an 
instant; the effect 
is as if the resist¬ 
ance of the branch 
containing the coil 
had been momen¬ 
tarily increased, so that a larger portion of the current had been 
diverted through the lamp. This apparent increased resistance is 
due to an increase of the self-induction by the presence of the iron 
in the coil. The sudden increase in the number of lines passing 
through the coil gives rise to an opposing E.M.F., which diminishes 
the current in the coil, and causes the increased glow of the lamp. 

55 1 ' Magnetoelectnc machines.—If m the experiment de¬ 
scribed above (fig. 601) we had some arrangement by which the 
magnet, A, could be rapidly and regularly moved in and out of the 
coil, B, the ends of which were joined either directly or by the inter¬ 
vention of a galvanometer, we should have a series of alternating 
currents produced in the circuit The result is the same if, while 
the magnet is fixed, the coil is moved towards it—a current will be 
produced in a particular direction ; when the coil is moved away 
a momentary current is also produced, but in the opposite direction. 
Both in this case and in the experiments described above, the 
currents are only produced while the relative positions of the coil 
and the magnet are being altered; that is, while the number ot 
lines of force passing through the coil is increasing or diminishing. 

Magnetoelectnc machines are apparatus which are based on 
these experiments. Fig. 603 represents the essential features of 
qne of the simpler forms, such as is used for medical purposes, and 
is selected as conveniently illustrating the principle. NS is a 
horseshoe magnet firmly fixed in a suitable position—instead of a 
Mid magnet a battery of several magnetic plates is often used— 
in front of th? ends of which are two coils or bobbins of wire, CD, 
fitted on 'pit bs» cores which are screwed to the soft iron plate, 
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or yoke, BB. By means of the handle fixed to the axis, A A, these 
coils can be rotated in front of the poles, NS. The ends of the 
wires, mtt, are connected to an arrangement on which press two fork¬ 
shaped springs, insulated by a plate of ebonite from each other, 
and from the magnet to which they are screwed. With these are 
connected two wives which form the electrodes, to which are affixed 
handles, P and Q. 

Let us first suppose the bobbins to be at lest in the position 
shown in the figure, C over N, and D over S. The lines of force 
due to the horseshoe magnet pass from N through the air-gap up 
C, through the yoke B, down D, and across the air-gap to the 
south pole of the magnet. The iron cores and yoke act as a sort 
of keeper to the magnet, and the 
number of lines passing through the 
coils is large in consequence ; but 
there is no induced current while the 
coils are at rest We suppose that 
P and Q are connected so that the 
circuit is complete. Now let the coils 
rotate uniformly, and consider the 
changes in the number and direction 
of the lines of force which pass 
through C and D during one complete 
revolution. As C moves upwards from 
the plane of the paper, the (upward) 
lines of force which pass through it 
diminish in number, and therefore thei e 
will be ary nduced current in the circuit, 
which we will call positive. The lines 
through C vanish when C has passed 
through a quarter of a revolution. As 
C moves through the second quadrant, 
the lines through it increase , and their 
direction is now downwards because C 
is nearer to S than to N. Hence the 
Current is still positive. If we follow the motion of C through the 
third quadrant, we shall see that the current is reversed ; it is now 
negative. For, as C moves away from S, the lines of force in it 
diminish and are downwards. Lastly, during the revolution of tile 
coils through the fourth quadrant, the number of lines through C 
IS increasing and their direction is upwards , and therefore the, 
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current has the same sign as when they were diminishing and 
downwards. The current is positive if the lines are diminishing 
downwards or increasing upwards; it is negative if they are in¬ 
creasing downwards or diminishing upwards. 

What is true of the one coil, C, is true of the other, D, also. 
Care is taken that the wire is coiled on the two bobbins in such a 
manner that the effect in each half-revolution is tjie same, and thus 
double the effect is produced. 

Hence, during a complete revolution of the coils, two currents 
are produced exactly alike, but alternately opposite in direction. 
Such currents are called alternate or alternating currents. For 
some purposes, such as for physiological effects, heating and 
lighting effects, this is of no moment; but where a continuous 
current is required, as in electroplating, it is necessary to adjust 
the currents so that they will all go in the same direction. This is 
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effected in the above machine by means of the 
commutator represented on a large scale in 
fig. 604. On the axis, AA, are four semicircular 
Aa^-rings of metal, insulated from each other 
and from the axis; the wires, m and n, from 
the coils (fig. 603) are connected with these 
rings, tn with a and d, and n with b and c 
Now we have seen that the currents in m and 
n are alternately positive and negative. When 
m is positive, a is positive and c is negative ; 
the contact springs, x and y, press on a and c, 
and the current travels from x to y, and so to 


the electrodes ; but when in the rotation of the coils, C and D, 


the current is reversed, and m is now negative and n positive, the 
spring x presses on b and y on d, so that the direction of the 
current is still from x to y. 


552. Gramme’s magnetoelectric machine.—An improved mag¬ 
netoelectric machine is that invented by Gramme, which gives 
continuous currents. One form of this apparatus which is designed 
for lecture purposes is represented in fig. 605. It consists of a 
horseshoe magnetic battery, one, that is, consisting of a number 
of thin steel plates magnetised separately, and then joined together, 
and provided at the ends with soft iron pieces which form the 
poles. Between these is a ring-shaped armature or inductor, 
which istbe characteristic feature of the apparatus; its principle was 
first discovered by Pacinotti, and that depicted in fig. 605, which 
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is a modification of Pacinotti’s, is known as Gramm£s ring. It 
consists, not of a soiid ring of soft iron, but of one made by coiling 
a great length of fine iron wire. Round this is wound at right 
angles a series of separate coils of insulated wire, which are 
represented alternately black and white. On the centre of the 
ring, and rotating with it, is a cylinder made up of alternate strips 
of metal and insulator, known as the commutator segments. The 
coils on the ring form a continuous whole, for the end of each one 
is joined to one of the metal strips, as is also the beginning of 
the next. On this cylinder press fiat bundles of wire, which con¬ 
stitute the brushes. When the ring is rotated, one of the supports 
of the collecting brushes becomes charged with positive and the 
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other with negative electricity ; they form the poles of the machine, 
so that when they are connected by a wire or by any apparatus— 
in the figure it is a secondary battery (516)—a current of electricity 
is produced which lasts as long as the rotation lasts. These cur¬ 
rents are not alternating, like those of the machine described above 
(451) j they are far more powerful, and are also direct—that is, 
they are always in the same direction. Space cannot here be 
given for an adequate explanation why the currents are direct; 
it is sufficient to say that the various explanations given depend on 
a consideration of the direction of the induced currents developed 
by the poles of the permanent magnet in the coils of the armature 
in its successive positions while rotating-between them. 




-<188 V$kaic Electricity [MS 

The currents produced by machines of this class, like that of 
any voltaic battery, depend in each case on the ratio of the electro¬ 
motive force to the resistance of the circuit (507). The latter 
depends once for all on the length and diameter of the wire coiled 
on the ring inductor and on the external resistance; the electro¬ 
motive force depends on the strength of the permanent field- 
magnets, and on the velocity with which the ring is rotated. Such 
an apparatus as that represented in fig. 605, when worked rapidly 
by hand, has an E.M.F. of about 15 volts. 

Great improvements have of late years been made in the con¬ 
struction of magnetoelectric machines ; partly by increasing the 
power and number in the magnets used to produce the field, partly 
by increasing the length and number of the coils and modifying the 
way in which the wire is coiled, and partly again by arranging them 
so that they come more completely within the action of the magnetic 
field. Such machines may be worked by water or by steam power, 
and they furnish the most practical and economical method of 
producing powerful electric currents. In principle this mode of 
producing electricity is cheaper than that of voltaic currents ; but 
the electricity produced by magneto machines, if not worked by 
water power, and that of voltaic currents, both depend in the last 
resort upon the combustion of coal. In magnetoelectric machines 
the coal is directly consumed in working the steam engine which 
drives the machine ; in the battery coal is used in the metallurgical 
extraction of zinc. Now it can be shown that the consumption of 
a given weight of coal can produce far more electricity in the 
former case than in the latter. 

553. Dynamoelectric machines.—We may imagine in Gramme’s 
machine that we have electromagnets excited by a voltaic battery 
instead of permanent steel magnets ; it will be obvious that, since 
electromagnets are much more powerful than permanent magnets 
of the same size, the induction currents produced will be more 
powerful also. Machines in which this principle was applied were 
devised by Wilde, and far more powerful effects were produced 
by them than had hitherto been obtained. 

A sfill more important improvement is the following—the prin¬ 
ciple of which was discovered by Sir C. Wheatstone, and by Sir W. 
Siemens independently, but first applied by the latter. Suppose 
that, instead of the permanent magnets, we have a horseshoe¬ 
shaped done Of soft iron wrapped round with wire—that is, an 
electromagnet j and suppose farther that the wires of this electro- 
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magnet are connected with those of the armature which rotates 
between its poles. There is always, even in the best soft iron, a 
trace of residual magnetism (425) which is sufficient to excite 
a weak induced electromotive force in the armature as it rotates ; 
this E.M.F., if the circuit is complete, gives rise to a current which 
traverses the coils of the electromagnet, and increases the magneti¬ 
sation of the core , this augmented magnetism in turn increases 
the strength of the currents in the inductor, and so this reciprocal 
action between the inductor and the electromagnet goes on pro¬ 
ducing an ever-increasing strength of current, which, indeed, in 
any particular case is only limited by the saturation of the iron and 
the speed of the inductor Machines based on this principle, 
which transform mechanical energy into the energy of electric 
currents, are called dynamoelectm , or, more briefly, dynamo 
machines, in contradistinction to magnetoelectric machines, in which 
permanent magnets are used. Both are, howev er, strictly speaking, 
dynamo machines, for 
the electricity is in 
both cases produced 
at the expense of 
mechanical work. 

Fig. 606 repre¬ 
sents the essential 
features of one of the 
small-sued vet tical 
machines of this kind 
made by Messrs 
Siemens. A charac¬ 
teristic is the cylinder 
or drum armature 
The field magnets 
MM' and MM' have 
their similar poles 
joined together by 
the soft iron strips , , , ... 

N (and S, not seen in the figure, on the further side of the machine}, 
which are bent so as to almost completely encircle the armature-; 
they are in detached pieces, so that air can freely circulate 
between them, and thereby the temperature be kept down, 

The armature itself, D, consists of a number of discs of soft 
iron formed into a cylinder or drum and fixed to an axle which tests 

Y Y * 
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in the strong upright supports, and is rotated by means of power 
transmitted to the pulley A. The wire is coiled on this ; one end 
is attached to a commutator segment as in Gramme’s machine 
(552); it passes lengthwise round the drum in several turns, and the 
other end is attached to a similar segment, which is diametrically 
opposite the first The wire is continuous, the connection of the 
individual strands being effected by means of the commutator 
segments. On these vest two pairs of brushes connected respec¬ 
tively with insulated binding screws, from which the current passes 
through the wires of the fixed magnets, and thence by the ter¬ 
minals,^, to the external circuit 

The advantage of this construction is that from the length of the 
armature, and from the wires being on its surface and quite close to 
the poles of the fixed magnets, the influence of the latter is greater. 

A small machine of this kind, which does not occupy a space 
of more than three cubic feet, and rotating with a velocity of 15 
turns in a second, which is effected by 1J horse-power, can pro¬ 
duce an arc-light of 1,400 candles. The larger sizes produce far 
more powerful effects, but require, of course, greater power to work 
them. They are, however, relatively more economical. 

554. Electric transmission of power.—If the binding screws 
of two Gramme’s machines, or other dynamos, A and B (fig. 607), 

are connected by wires ot 
even considerable length, and 
if one of them is rotated, 
the armature of the second 
one rotates with correspond¬ 
ing rapidity. Here the first 
machine furnishes the current 
at the expense of the work 
used in turning it, the second 
one is set in motion and transforms the energy of the current into 
mechanical energy. This application is of great importance, as it 
demonstrates the possibility of transmitting mechanical power to a 

£ nce by means of simple metal wires, and without the use of 
Is, or shafting, or wire ropes, or water tubes, which are the 
i inodes of transmitting power. But electricity has the im¬ 
portant advantage that, as has been proved by actual experiment, 
power can be transmitted by its means to considerable distances, 
while the transmission by the ordinary agencies is restricted to 
. comparatively short distances. 
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For the electric transmission of power three things are 
essential—a source of power, which on the large scale would be a 
gas or steam engine, or a water-wheel or turbine; a dynamo 
generator, and a second dynamo in conducting communication with 
the first, which is the motor ; this can do the work which any other 
motor can do—turn machinery', saw wood, pump water, and the 
like. The whole of the energy of the mechanical motor—that 
which drives the generator—does not appear in the electromotor ; 
some of it is transformed into heat in the conducting wires ; but it 
has been found that as much as 70 per cent, of the energy of the 
motor can be transmitted even through over 100 miles of wire. 


This application's become of great service where natural sources 
of power are available, such as waterfalls and rivers, or possibly 
tidal energy. Water power is employed to work water-wheels or 


turbines, which in turn work some form of dynamo machine, and 
the electric power thus created is transmitted to the place where it 
is to be utilised, and thus new industrial centres may be created. 

555. Classification of dynamo machines.—The principal types 
of dynamo machines are depicted in figs. 608-611, originally due 

to Professor Sylvanus Thompson. The arma- n ifciiiaii.MItbi fifa 
ture rotates in the space between the large UMJ B «i|j»i 
pole pieces of the field magnets in the clock- IS M 

wise direction. In the figures the commutator H |S 

and brushes only are shown. Fig. 608 repre- ^ IS |§ y 

sents a machine the field magnets of which are 
excited by a separate machine or by a battery. jJL jjk Jfc ^ 
It is known as a separately excited machine. 

The brushes are connected to the external ' 

circuit. The magnetic field in which the arma¬ 
ture rotates w'ill be constant if the exciting * t 

current is constant, and so the induced electro- Fig ^ 

motive force which depends upon the rate of 
cutting the lines of force will be constant for a given speed ot 
rotation. The action is in fact the same as that of the magneto¬ 


electric machine already described ( 55 2 )- 

Fig. 609 represents what is called a series wound machine. 
The field magnet coils, the armature, and the external conductors 
are in series with each other, forming a simple circuit. This 
arrangement has the defect that variations in the external resist¬ 
ance may produce large changes in the current. If the resistance 
were doubled the current would be halved, supposing the E.M.P. 
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to remain constant; bat the E.M.F. does not remain constant, for 
as the current through the field magnet coils diminishes the field 
becomes less intense, and therefore the E.M.F. falls. Accordingly the 
current becomes less than half what it was. If the current is stopped 
the field magnets almost entirely lose their magnetism. Conse¬ 
quently there is no difference of potential between 
the terminals of the machine when the circuit 
is broken, and in this respect the series wound 
dynamo differs from a battery. Such machines 
cannot be used to charge accumulators, for 
there is always a danger that the E.M.F. of the 
latter may overpower that of the dynamo, in 
which case the polarity of the field magnets 
would be reversed and the accumulators would 
be discharged instead of charged by the machine. 

A third type is that represented in fig. 610, 
and is known as the shunt mound dynamo. 
The field magnet coils and the external re¬ 
sistance are in parallel or shunt with each other, instead of in 
series as in the series wound dynamo. The brushes are con¬ 
nected with the external circuit—for instance, an electroplating 
bath—and also with the ends of the field magnet coils. These 
coils are of fine wire, and have a considerable resistance. When 
the machine is running there will always be a current through the 
field magnets, whether the external circuit is 
completed or not. If a break occurs in the ex¬ 
ternal resistance the effect is that a more powerful 
current passes through the field magnets, which 
are thus again in readiness to act when the 
circuit is restored. An increase in the external 
resistance has but small effect; for if the E.M.F. 
remained constant the current would only dimi¬ 
nish in accordance with Ohm’s law, and as a 
relatively larger proportion of the current now 
goes through the field magnets, the latter are 
more strongly excited, and thus the E.M.F. in- 
^ creased; the current is, in fact, lessened in a 

smaller degree than that in which the resistance is increased. 
S^pptiichines are used for electroplating and other electrolytic 
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is a combination of series and shunt machines. Imagine the 
machine to be series wound to begin with, the field magnet cods 
consisting of a comparatively small number of turns of thick 
wire; and then let the brushes be joined to the ends of other 
field magnet coils of considerable resistance as in the shunt 
machine. 

Dynamos may be compounded either for constant potential 
or for constant current. Constant potential machines are used for 
electric lighting where glow-lamps are the 
source of illumination. The lamps are 
arranged in parallel as shown in the figuie. 

The difference of potential between the 
terminals being constant, the current through 
each lamp, and therefore the light it gives, 
will be unaltered when other lamps are 
switched on or off. Constant curi ent dynamos 
are used for driving arc-lights in series. 

556. RuhmkorfTs coil.—This is an ar¬ 
rangement for producing induced currents 
by the action of a voltaic current, the circuit 
of which is alternately opened and dosed 
in rapid succession. These instruments, known as inductoriums 
or induction coils , present considerable variety in their construction, 
but all consist essentially of a hollow cylinder in which is a bar of 
soft iron, or bundle of iron wires, with two helices coiled round it, 
One (the primary) connected with the poles of a battery, the circuit 
of which is alternately made and broken by a self-acting arrange¬ 
ment, and the other (the secondary) serving for the development 
of the induced current. By means of these apparatus, physical, 
chemical, and physiological effects are produced by the aid of 
three or four Grove’s cells, equal and even superior to those obtain¬ 
able with electric machines and even powerful Leyden batteries. 

Of all the forms of induction coils, those constructed by Ruhm- 
korff in Paris, and by Apps in England, are the most powerful. 
Fig. 612 is a representation of one, the coil of which is about 14 
inches in length. The primary wire is of copper, and is about 2 
mm. in diameter and 4 or 5 yards in length. It is coiled directly 
on a cylinder of cardboard, which forms the nucleus cff the 
apparatus, and is enclosed in an insulating cylinder of ebonite. 
On this is coiled the secondary wire, which is also of copper, and 
is about i mm. in diameter. An important point in connection 
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with induction coils is the insulation. The wires are not merely 
insulated by being in the first case covered with silk, but each 
individual coil is separated from the rest by a layer of melted shellac. 
The length of the secondary wires varies greatly ; in some of the 
largest sires it is as much as two or three hundred miles. With 
these great lengths the wire is thinner, about i mm. 
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The following is the working of the apparatus. The current 
arriving by the wire, P, at a binding screw, a, passes thence into 
the commutator, C (fig. 612) ; thence by the binding screw, b, it 
enters the primary wire, where it acts inductively on the secondary 
wire ; having traversed the primary wire it emerges by the wire s 
(fig. 613). Following the direction of the arrows, it will be seen 

that the current ascends the 
short pillar, reaches an 
oscillating piece of iron, o, 
called the hammer , descends 
by the anvil, h , and passes 
into a copper plate, K, which 
takes it to the commuta¬ 
tor, C. It goes thence to 
the binding screw, c, and 
finally to the negative pole 
of the battery by the wire 
N (fig. 613 ). The current in 
the primary wire only acts 
inductively on the secondary wire (548) when it starts or stops, and 
hence it must be constantly interrupted This is effected by means 
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of thtt oscillating hammer, *, omitted in fig. 6 12 ,but represented 
on a larger scale m fig. 613. In the centre of the bobbin is a 
bundle Of soft iron wires forming together a cylinder a little longer 
than the bobbin, and thus projecting at the end as seen at A. 
When the current passes in the primary wire, this hammer 0 is 
attracted ; but immediately, there being no contact between o and 
A, the circuit is broken, the magnetisation ceases, and the hammer 
falls ; the current again passing, the same series of phenomena 
recommences, so that the hammer oscillates with great rapidity. 

The current thus passes intermittently in the primary wire of 
the bobbin, and at each break and make of the primary induced 
currents, alternately direct and inverse, are produced in the secondary 
wire. This is perfectly insulated, and the E.M.F. acquires such an 
intensity as to produce very powerful effects. Fizeau increased 
this intensity by interposing a <ondcnser in the primary circuit as 
a shunt between i and h. As constructed by Ruhmkorff, for his 
largest apparatus, it consists of 150 sheets of tinfoil about 18 inches 
square ; these sheets being joined are coiled on two sides of a 
sheet of oiled silk, which insulates them, forming thus two arma¬ 
tures ; they are then coiled several times round each other, so 
that the whole can be placed below the helix in the base of the 
apparatus. One of these armatures, the positive, is connected 
with the binding screw i, which receives the current on emerging 
from the bobbin ; and the other, the negative, is connected with 
the binding screw m , which communicates by the plate, K, with 
the commutator, C, and with the battery. 

557. Effects produced by Ruhmkorffs coil.—The high potential 
which the electricity of induction-coils possesses has long been 
known, and many luminous and calorific effects have been ob¬ 
tained by means of such apparatus. But the improvements 
which have been introduced into these coils, by careful insulation 
and attention to the interruption, have enormously increased their 
power. 

Induced currents are produced in the coil at each make and 
break of contact. But these currents are not equal either in 
duration or in E.M.F. The direct current, or that on break, is of 
shorter duration but higher E.M.F.; that of make, of longer 
duration but lower E.M.F. Hence, if the two ends, P and P', of the 
tine wire (figs. 612 and 613) are connected, the two currents neu¬ 
tralise each other, as there are two equal and contrary flows of 
electricity in the wire. If a galvanometer is placed in the circuit, 
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only a very feeble deflection is produced in the direction of the 
direct current This is not the case if the two ends, P and P', of 
the wire are separated. As the resistance of the air is then 
opposed to the passage of the currents, that which has higher 
E.M.F., that is, the direct one, only passes. 

Suppose we obtain, on break, a spark an inch long j the E.M.F. 
or difference of potential between the terminals must be very high— 
over 50*000 volts. We shall find that in order to obtain a spark 
on making the primary circuit we must bring the terminals almost 
into contact with each other. Thus, the difference of potential 
between the terminals when the primary is broken must be 
enormously greater than that obtained when it is completed. 

The effects of the coil, like those of the battery, may be classed 
under the heads physiological ,, chemical, heating, luminous, me¬ 
chanical ; they differ from those of the battery in being enormously 
more intense. 

The physiological effects of RuhmkorfTs coil are very powerful ; 
in fact, the shocks are so violent that many experimenters have 
been suddenly prostrated by them. A rabbit may be killed with 
an induction current arising from two of Bunsen’s cells, and a 
Somewhat larger number of cells would kill a man. 

The heating effects are also easily observed ; it is simply neces¬ 
sary to interpose a very fine wire between the two ends, P and I*', 
of the secondary wire ; this iron wire is immediately melted, and 
burns with a bright light. The spark of the RuhmkorfTs coil has 
been used to fire mines in military and mining operations. 

The chemical effects are very varied, inasmuch as the apparatus 
produces both the ordinary effects of the current and of electricity 
at high potential. Thus, according to the shape and distance of 
the platinum electrodes immersed in water, and to the degree of 
acidulation of the water, either luminous effects may be produced 
in water without decomposition, or the water may be decomposed 
and the mixed gases disengaged at the two poles, or, again, the 
decomposition may take place, and the mixed gases separate either 
at a single pole or at both poles. 

The luminous effects of RuhmkorfTs coil are also very remark¬ 
able, and vary according as they take place in air, in vacuo, or in 
very rarefied vapours. In air the coil produces a very bright loud 
spark, which, with due largest-sired coils, has a length of eighteen 
Inches, In vacuo the effects are also remarkable. The experiment 
is made by connecting the two wires of the coil, P and P', with the 
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two rods of the electric egg (fig. 481), use d f or producing in 
vacuo the luminous effects of the electric machine. A partial 
vacuum having been produced, a beautiful luminous trail is pro¬ 
duced from one knob to the other, which is virtually constant, and 
has an intensity similar to that obtained with a powerful electric 
machine when the plate is turned. 

If this light is closely observed, it will be found that if some 
vapour of turpentine, or wood spirit, or bisulphide of carbon, has 
been introduced into the globe before exhaustion, instead of being 
continuous the light consists of a series of alternately dark and 
bright zones, forming a pile of electric light between the two poles. 
This phenomenon is known as the stratification of the electric light, 
and is due to the circumstance that the current is discontinuous. 

The brilliancy and beauty of the stratification of the electric 
light are most remarkable when the discharge of the Ruhmkorff’s 
coil takes place in glass tubes containing a highly rarefied vapour 
or gas. These phenomena, which have been investigated by Mas¬ 
son, Grove, Gassiot, Plucker, etc., are produced by means of sealed 
glass tubes, first constructed by Geissler, of Bonn, and known as 
Geissler’s tubes. These tubes are filled with different gases or 
vapours, and are then exhausted. At the ends of the tubes two 
platinum wires are soldered into the glass. (See figures on the 
right and left in the coloured plate at the beginning of this 
book.) 

When the two platinum wires are connected with a Ruhm¬ 
korff’s coil, magnificent lustrous stria:, separated b> dark bands, 
are produced all through the tube. These stria: vary in shape, 
colour, and lustre with the degree of the vacuum, the nature 
of the gas or vapour, and the dimensions of the tube. The phe¬ 
nomenon has occasionally a still more brilliant aspect from the 
fluorescence which the electric discharge excites in the glass. 

The figure on the right (coloured plate) represents the appear¬ 
ance presented by hydrogen ; in the bulbs the light is a pale 
lavender blue, in the capillary parts it is red. 

In carbonic acid the colour is greenish, and the striae have not 
the same shape as in hydrogen ; in nitrogen, as represented in the 
figure on the left, the light is reddish violet. In chlorine the colour 
is reddish violet in the wide part of the tube, and in very narrow 
tubes green. 

Mechanical effects—Thy means of Ruhmkorff’s coil mechanical 
effects can also be produced, so powerful that, with the largest 
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apparatus, glass plates two inches thick have been perforated. 
The result, however, is not obtained by a single discharge, but by 
several successive discharges. 

The experiment is arranged as shown in fig. 614. The two 
ends of the secondary coil are attached to the binding screws, a 
and b ; by means of a copper wire, *, a is connected with the lower 
part of an apparatus for piercing glass like that already described 
(fig. 501); the other terminal is attached to the upper conductor 
by a wire, d. This conductor is insulated in a large glass tube, r, 
filled with shellac, which is run in while in a state of fusion. 
Between the two conductors is the glass to be perforated, V. 
When this presents too great a resistance, there is danger lest the 
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spark pass in the coil itself, perforating the insulated layer which 
separates the wire, and then the coil is destroyed. To prevent 
this, two wires, e and c, connect the terminals of the coil with two 
metal rods, or a rod and a disc, m and n, whose distance from 
each other can be regulated. If then the spark cannot penetrate 
through the glass, it bursts across with a bright spark and a loud 
report, and the coil is not injured. 

558. Transformers.—We see from the action of the Ruhmkorfl 
cod that it forms an arrangement by which we may say that 
btoctrkit&fiBitow' potential (556) is transformed into that of high 

reverse the function of the parts, we may transform elec- 
potential into that of low; that is, if we connect the 
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secondary coil of fine wire with a source of electricity of high 
potential, we shall then have currents of low potential produced by 
induction in the primary coil 

An important application of this is made in the transmission 
of electric power, which, as we have seen, is the product of two 
factors, electromotive force and current, and is expressed by volt- 
amperes or watts (527). If a given number of watts is to be trans¬ 
mitted to a distance, the transmission may be effected either in the 
form of a current of great quantity but low electromotive force, or 
in the form of a weak current but of high electromotive force; 
thus, if the number of watts to be transmitted is 50,000, this 
might be as a current of 50 
amperes under an electromotive 
force of 1,000 volts ; or it might 
be as 1,000 amperes with an 
E.M.F. of 50 volts. Such a 
current as the latter would, 
however, require so stout a con¬ 
ductor that the expense would 
put the transmission out of the 
question, and accordingly the 
former mode, requiring a much 
thinner conductor, would be 
used. Currents of so high po¬ 
tential as 1,000 volts are, more¬ 
over, dangerous, more particu¬ 
larly when in dwellings,and here 
comes in the utility of the trans- 
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formers. The current is trans- v e 

mitted through the thin wire, and at the place where it tstobe 
utilised is connected with a transformer the Pr^aryand secondary 
coils of which are so related that the required EM ¥. 

° bK S, n S«,, for example, .ha. electric!,, a. a.ooo «*.““ 
through the transformer, and that the current length is5 ampere^ 
so that the power supplied is 10,000 watts or ickilowat^. JV 
the transformer this may be converted into e ec nci y g 

(as required for glow-lamps), and assuming there is no 
power by the conversion, the available current »°uld t* °? 
amperesf which would feed 200 glow-lamps arranged m parallel 

each required "5 ampere. 
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In Canada electric power is transmitted from the Shawinigan 
falls on the St Maurice River to Montreal, a distance of 85 miles, 
at 50,000 volts. 

One type of transformer is represented in fig. 615 ; the core is 
a bundle of soft iron wire or strips forming a closed magnetic 
circuit The two sets of wires, the primary AB and the secondary 
ah, both carefully insulated, are wound on the core either close 
together or in separate sectors as represented in the figure. 

559. Rotation of induced currents by magnets.—-De la Rive 
devised an experiment which shows in a most beautiful manner 
that magnets act on the light in Geissleris tubes in accordance 
with the laws which govern their action on any other movable con¬ 
ductor conveying a current. 

On the iron core of an electromagnet, M (see Frontispiece), is 
a soft iron rod terminated at the top by an iron plate ; this Tod, 
with the exception of the top, a, is inserted in a very carefully in¬ 
sulated glass tube. The binding screw, k, is in conducting com¬ 
munication with this iron rod. The whole of the upper part of 
this arrangement is fitted into an electric egg. The brass tubulure, 
dd, which holds the glass tube, is in conducting communication 
with the binding screw, h. By the stopcock at the top the 
electric egg can be exhausted, and a few drops of alcohol are then 
introduced. 

If now the wires from a RuhmkorlFs coil are connected with 
the binding screws, h and k, but without at the same time exciting 
the electromagnet, a more or less irregular luminous sheaf passes 
from the plate, a, to the ring, dd. 

But if a voltaic current passes into the electromagnet, the phe¬ 
nomenon is different; instead of starting from different points of 
the upper surface and the ring, the light is condensed and emits a 
single luminous arc. Further, and this is the most remarkable 
part of the experiment, this arc turns slowly round the magnetised 
cylinder, sometimes in one direction and sometimes in another, 
according to the direction of the induced current, or the direction 
Of 1 rite magnetism evoked in the core. As soon as the magneti¬ 
sation, ceases, the luminous phenomenon reverts to its original 
appearance. 

'\Tfcis experiment is remarkable as having been devised a priori 
by jje la Rive to explain, by the influence of terrestrial magnetism, 
% kind of rotary motion from east to west observed in the aurora 
borealis. • The rotation of the luminous arc in the above expert- 
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meat can evidently be referred to the rotation of currents by 
magnets (535). 

560. The Telephone.—We have already described an instru¬ 
ment in which communications are made through a wire connecting 
two distinct stations by means of the sound produced by the 
attractions of an armature against an electromagnet (544). Here, 
though the sounds are all of the same kind, they may be varied in 
duration, and, by the suitable combination of short and long sounds, 
it is possible to produce signals at a distant station which have a 
perfectly definite meaning. 

An instrument has in recent years been invented which is far 
in advance of this ; and whether we look at the simplicity of its prin¬ 
ciple and of its construction, or at the importance and practical 
utility of the results already obtained by its means, or again at its 
promise in the future, it must surely be regarded as one of the 


a 
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most surprising of modern inventions. By its means it is possible 
not merely to produce sound at a distance, but to pioduce articu¬ 
late sounds ; to speak audibly, or to send a musical au thiougb a 
circuit of many miles of ordinary telegraph wire. 

Reis in 1862 was the first to make a successful attempt to 
transmit musical sounds to some distance by means of electricity. 
The general plan of the apparatus which he used is represented in 
fig. 616. It consists essentially of a hollow box, 13 , in one of 
the sides of which is a mouthpiece, A, while another is closed by 
a thin membrane. On this membrane is a piece of thin metal 
foil, C, which is connected with a wire leading to one pole of a 
battery, G, the other pole of which is put in connection with the 
earth, just above the foil, and almost touching it, is adjusted a 
metal point, D, which is connected by the line wire (540) with one 
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end of a spiral coil of insulated wire, F, surrounding an iron tod, 
the other end of which is put to earth (541). 

The production of sounds depends on an observation made by 
Page, that when an iron rod surrounded by a spiral of insulated 
wire is rapidly magnetised and demagnetised, by the intermit¬ 
tent passage of an electric current, a musical sound is produced 
which is strengthened by the spiral being placed on a sounding- 
board. 

Now the sounds produced by speaking or singing into the 
mouthpiece set the membrane in vibration, and alternately open and 
close the circuit, and the helix with its iron core is rapidly mag¬ 
netised and demagnetised. Thus F 
emits a note the pitch of which 
corresponds to that of the note 
sounded at A. 

The telephone to be described is 
characterised by far greater simplicity 
and efficiency, and also by its re¬ 
quiring no battery. It was invented 
by Professor Graham Bell, of Bos¬ 
ton, in 1877. It is represented in 
something less than half its ordinary 
size in fig. 617, while fig. 618 gives 
the details of the construction. 

It consists essentially of a steel 
magnet, M, about 4 inches in length 
and about half an inch wide, enclosed 
in a wooden case. Round one end 
of this magnet is fitted a thin flat 
coil, BB, of fine insulated copper 
wire, the ends of which coil pass 
through longitudinal holes, LL, in 
the case, and are connected with the 
binding screws, CC. In front of the 
magnet, and at a distance which 
can be regulated by a screw, S, but 
which is something less than a millimetre, is the essential feature 
of the insthiment, a diaphragm, D, of soft iron, not much thicker 
than 9 sheet of stout letter-paper. This diaphragm is screwed 
doWn by the mouthpiece, E, which is similar to, though somewhat 
larger than, that of a stethoscope (181). 
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"Hie instruments are connected by wires, for one of which the 
earth maybe subst.tuted, as in ordinary telegraphic communication 
(541). Each instrument can be used either as sender or receiver 
though in actual practice it is more convenient for each operator 
to have two telephones, one of which is held to the ear, while the 
other is used for speaking into. 

The action of the instrument depends on the fact that, whenever 
the relative positions of a magnet and of a closed coil of wire are 
altered (549), there is produced within the coil a current or currents 
of electricity. This may be illustrated by reference to fig. 601. 
When the magnet is suddenly brought into the coil a current is 
produced in the coil in a particular direction. There is no current 
so long as the coil and the magnet are stationary. When, how¬ 
ever, the magnet is suddenly withdrawn, a current is produced in 



Fig, 618. 


the opposite direction. Similar effects are produced it, while the 
magnet is in the coil, its magnetism is by any means increased or 
diminished. 

Now, in the telephone the magnet and the coil, when once 
properly adjusted, remain fixed. But the magnet, M, magnetises 
by induction the soft iron membrane, D, in front of it: that is, 
converts it into a magnet When, by the mouthpiece being spoken 
into, this iron membrane vibrates backwards and forwards, the 
vibrations give rise to an alteration in the magnetic field inside the 
coil, BB, the effect of which is that currents are produced in it in 
alternate directions. These alternating currents, being transmitted 
through the circuit to the distant coil (the receiver), alternately 
attract and cease to attract the corresponding diaphragm. They 
thereby put it in vibration, and when the mouthpiece of the receiver 



is held to the ear, these vibrations are perceived as sound, 
precisely corresponding to that which is transmitted. Hence 
whatever sound produces the vibration of the diaphragm of the 
Sending instrument is repeated by the second, for its vibrations 
are exactly reproduced. The telephone is an alternate current 
machine. 

Although the reproduction of the sound in the receiving instru¬ 
ment is perfect as fer as articulation is concerned, it is considerably 
enfeebled. The sound has something of a metallic character, and 
appears as if heard through a long length of tubing. It is only 
perceived by the person using the telephone as a receiver, and he 
must hold the mouthpiece close to the ear. Hence, in order to 
attract attention at the distant station, an electric bell worked 
by a magneto-electric machine, and suitably connected in the 
circuit, is used as a call. It is difficult to work the instrument on 
a busy line of telegraphic communication where there are several 
wires. The electric currents passing in the adjacent wiies, and 
even the vibrations of these wires against the posts on which they 
rest, produce a continual vibration in the telephone circuit, so that 
when, under these circumstances, a telephone is held close to the 
ear, a continuous noise, like the pattering of hail, is heard, which 
destroys the sound of direct speech. This may, however, be 
eliminated by having the telephonic circuit of two wires twisted 
close together, instead of using an earth return ; as they are both 
at the same distance from the extraneous cause, whatever this may 
be, its effects are equal and in opposite directions ; they therefore 
neutralise each other. The limit of power of the telephone has 
yet to be ascertained. In India it has been found possible to speak 
audibly through a distance of 50O miles, and even breathing has 
been heard through a distance of 150 miles. In America con¬ 
versation has been kept up through a distance of 730 miles; in 
France, between Paris and Marseilles, or 500 miles, London is 
in telephonic communication not only with the large towns in the 
north of (England, but also with Paris and Brussels. 

If, while a musical box is being played, the mouthpiece of the 
telephone is placed upon it, or if the mouthpiece of the instrument 
js held over an open pianoforte, the music in each case is repro¬ 
duced at the receiving instrument 

1 telephone has been applied, with success, to speak with 
divers when under water. It has also been used for scientific 
investigations as a galvanometer; it reveals foe existence of 
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alternating currents so feeble as to be without action on even the 
most delicate forms of the ordinary instruments. Experiments 
made to test its applicability for military purposes are of great 
promise, and altogether the instrument has, without doubt, a great 
future before it. 

The Ader telephone, which is almost exclusively used in France, 
is characterised by the circular form of its magnet, A (figs. 619 
and 620), which also serves as handle. Another peculiarity is the 



addition of a soft iron ring, XX (fig. 619), called the sur-exdter, 
which acts as armature and increases the magnetic actions. Both 
poles of the magnet are utilised, and on each a small coil of wire is 
fixed (figs. 619 and 621). The vibrating plate, M (fig. 619), is placed 
quite close to and in front of the two poles. E is the mouthpiece, 
Which is of ebonite. Like Bell’s telephone, this instrument can be 
used either forjsending or receiving. 
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The amplitude or extent of the vibrations of the vibrating plate 
in a telephone is exceedingly small; it is estimated that it does 
not exceed the twenty-millionth part of an inch. 

The current in a telephone was estimated by De la Rue as not 
exceeding that which would be produced by one Daniell’s cell in a 
circuit of copper wire, 4 mm. in diameter, of a length sufficient to 
go 390 times round the earth. This current would have to pass 
19 years through a water voltameter to produce 1 cc. of detonating 
gas. This is about 1,000 million times less than the currents in 
ordinary use. Such currents are, however, sufficient to cause the 
contraction of a frog’s leg (488). 

The distance at which conversation can be kept up with the 
telephone depends less on the kind of telephone than on the 



Fig. 6ij. 



nature of the wire- The non-msgnetic metal copper is far better 
than iron, and for long distances the transmission seems propor¬ 
tional to the diameter of the wire. 

561. Microphone.—This instrument, invented by the late 
Professor Hughes, derives its name from the fact that it renders 
sounds audible which to ordinary ears are quite inaudible. Its 
construction is of great simplicity: fig. 623 represents the form 
4 n which it was first made by its inventor. Fixed to a small 
upright of light wood, B, resting on a base of the same material, A, 
are two binding screws which terminate in two brass caps, CC', 
encl osi ng pieces of gas graphite. A piece of this substance rests 
loosely in the cavities in the manner represented on a huger 
tcale in the figure on the side. When this apparatus is connected 
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up with A battery and a telephone, T, as shown in the figure, the 
faintest sound produced on the base, the ticking of a watch, the 
scratching of a pen, or even the creeping of a fly, is distinctly 
audible in the telephone. The action of the instrument appears to 
be that when two imperfect conductors, forming part of a voltaic 
circuit, are in loose contact, any variation m their degree of 
contact produced by vibration produces a change in the resistance, 
and this change at once varies the strength of the current in a 
corresponding way, and these variations again produce exactly 
corresponding vibrations in the telephone by which they are heard. 
The effect of the microphone is to draw supplies of energy from 
the battery, which then appear in the telephone. 

To obtain the best results with a particular instrument, the 
position of the carbon must be carefully adjusted by trial; and, 
indeed, the form of the instrument itself must be variously modified 
for the special object in view ; in some cases great sensitiveness is 
required ; in others, great range. In order to eliminate as far as 
possible the effect of accidental vibrations due to the supports, the 
base should rest on pieces of vulcanised tubing, or on wadding. 

The microphone transmitter, now tn such frequent use, is essen¬ 
tially the same as the above, but its form is somewhat different; 
it is a sort of frame in which is a thin plate of ebonite, on the 
back connected up with a cell and a telephone receiver as above 
shown. When the voice is directed against this plate, it is thereby 
set in vibration, and these vibrations, varying the strength of the 
current, are transmitted to the telephone, which then produces the 
exact words and even the intonation of the speaker. 
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CHAPTER XIII 

THERMOELECTRIC CURRENTS 

562. Thermoelectricity. —In 1821 Professor Seebeck, in Berlin, 
found that by heating one of the junctions of a metallic circuit, 
consisting of two metals soldered together, an electnc current 
was produced. This phenomenon may be shown by means of the 
apparatus represented in fig. 624, which consists of a plate of 
copper, mrt, the ends of which ai e bent and soldered to a plate of 
bismuth, Op. In the interior of the circuit is a magnetic needle, a, 
oscillating on a pivot. When the apparatus is placed in the mag¬ 
netic meridian, and one of the soldenngs gently heated, as shown 
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in the figure, the needle is deflected in a manner which indicates 
the passage of a current from n to m : that is, from the heated to 
the cool junction m the copper. If, instead of heating the junction, 
a, we cool it by placing upon it cotton-wool moistened with 
the other junction remaining at the ordinary tempera¬ 
ture, a Current is produced, but in the opposite direction ; that is 
to say, from m to n. In both cases the current is more energetic 
in proportion as the difference in temperature of the solderings^is 
greater. 
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Seebeck gave the name thermoelect tic to this current, and the 
couple which produces it, to distinguish it from the hydroelectric or 
ordinary voltaic current and couple. 

563. Thermoelectric senes. —If small bars of two different 
metals are soldered together at one end, while the fore ends are 
connected with a galvanometer, and if the point of junction of 
the two metals is heated, a current is produced, the direction 
of which is indicated by the deflection of the needle of the 
galvanometer (fig. 625). By experimenting in this way with 
different metals, we may arrange them in a list such that each 
metal is positive with regard to one of the following, and negative 
with regard to those that precede ; that is, that in heating the 
soldering the current goes from the positive to the negative metal 
across the junction, just as if the soldering itself represented the 
liquid in a hydroelectric element ; hence, out of the element, in the 
connecting wire in the galvanometer for instance, the current goes 
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from the negative to the positne metal. Thus a couple, bismuth- 
antimony, heated at the junction would correspond to a couple, 
zinc-copper, immersed in sulphuric acid. Fig. 626 represents a 
battery of such elements. 

Of all substances, bismuth and selenium produce the greatest 
electromotive force ; but from the expense of this latter element, 
and on account of its low conducting power, antimony is generally 
substituted. The antimony is the negative metal but the positive 
pole, and the bismuth the positive metal but the negative pole, and 
the current goes from bismuth to antimony across the heated 
junction. 

564. Nobili's thermoelectric pile—Nobili devised a form of 
thermoelectric battery, or tliei mopile as it is usually termed, in which 
there are a large number of elements in a very small space. He 
joined the couples of bismuth and antimony in such a manner that, 
after a series of five couples had been made, as 1 epi esented in fig. 
627, the bismuth from b was soldered to the antimony, of a second 



series, arranged similarly; the last bismuth of this tothe antimony 
of a third, and so on for four vertical series, containing together 
twenty couples, commencing by antimony, finishing by bismuth. 
The couples thus arranged are insulated from one another by 

means of small paper bands 



covered with varnish, and 
then enclosed in a copper 
frame, P (fig. 6?8), so that 
only the solderings appear 
at the two ends of the pile. 
Two small binding screws, 
m and n, insulated by an 
ivory ring, communicate in 
the interior, one with the 
first antimony, representing 


the positive pole, and the 
other with the last bismuth, representing the negative pole. To 
these binding screws are connected the extremities of a galvano- 
metei wire, when the thermoelectric current is to be observed. 



Fig. 6*9. 
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On a wooden base, provided with levelling screws, a graduated 
brass rule, about a yard long, is fixed edgeways. On this rule the 
various parts composing the apparatus are placed, and their dis¬ 
tances can be fixed by means of clamping screws, a is a support 
for a lamp, or other source of heat ; F and E are screens ; C is a 
support for the bodies experimented on, and m is a thermo¬ 
electric battery. Near the apparatus is a galvanometer, D, which 
has only a comparatively few turns of a tolerably thick (i mm.) 
copper wire. The delicacy of this apparatus is so great that the 
heat of the hand is enough, at a distance of a yard from the pile, 
to deflect the needle of the galvanometer. 

565. Properties and uses of thermoelectric currents. —The 
electromotive force of thermoelectric currents is very low, but they 
are of great constancy ; for their opposite junctions, by means of 
melting ice and boiling water, can easily be kept at o° and ioo° C. 
On this account, Ohm used them in the experimental establish¬ 
ment of his law (524). A thermopile of 100 couples of antimony 
and bismuth with opposite faces at 0° and 100° respectively has 
an electromotive force nearly equal to that of a Darnell’s cell. 
These thermopiles can produce all the actions of the ordinary battery 
in kind, though in less degree. By means of a thermopile con¬ 
sisting of 769 elements of iron and German silver, the ends of 
which differed in temperature by about io° to 15°, Kohlrausch 
proved the presence of free positive and negative electricity at the 
two ends of the open pile respectively. 

566. Thermoelectric needle. —The thermoelectric couple may 
be used for determining temperatures in places difficult of access. 
Two different wires, A and B, are twisted together and con¬ 
nected with a galvanometer G {fig. 630). If then the junction 
O is exposed to a succession of constant known temperatures, a 
corresponding deflection of the galvanometer will be observed, 
from which an empirical table of temperatures can be constmcted ; 
hence, if the junction is put in any place its temperature is at once 
shown by a reading of the galvanometer. By a suitable choice of 
such couples, considerable ranges of temperature can be observed. 
Thus, with a'platinum and a platinum-rhodium wire, temperatures 
up to 1200 0 may be measured with an accuracy of one per cent,— 
an application of great service in determining the temperature of 
furnaces, or of the heat involved in chemical reactions in the 
melting-points of bodies. 

Fig. 631 represents the principle of an arrangement devised by 
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Becquerel for measuring temperatures below too°. Two identical 
thermoelectric couples are joined in series in opposition to each 
other ; one of the junctions being placed in the position the tem¬ 
perature of which is to be observed, the other is placed in water, 




the temperature of which is raised or lowered until the needle 
of the galvanometer is not deflected. The temperatures of the two 
junctions are then the same, and it is only necessary to read 
off with a thermometer the temperature of the water. 



APPENDIX of QUESTIONS 


I.— GENERAL PROPERTIES OF MATTER AND 
UNIVERSAL ATTRACTION 

1. What is the difference between a chemical and a physical action? 
Give some examples of each. 

2. What are the three forms in which matter exists ? 

3. By what properties of the molecules do we account for the existence 
of matter in three different forms ? 

4. Give instances of one and the same body being met with in the 
three different forms which matter assumes. 

5. State and explain what is meant by inertia. 

6. Explain the meaning of the terms (a) uniform motion ; (b) uniformly 
accelerated motion; (r) retarded motion; and state how such effects are 
produced. 

7. What effect on the motion of a ship is produced according as the 
bow or the stern guns are fired ? 

8. Give an accurate explanation of the process of freeing a carpet from 
dust by beating it with a stick. 

9. Give instances of cases in which it is desired to increase friction ; 
and others in which it is diminished. 

to. Give some examples of rolling friction, and some of sliding friction. 

u. Why is the bob of a pendulum thinner at the edge than in the 
middle ? 

IS. How can it lie shown that a coin and a feather fall with equal 
velocity ? 

13. In rowing, what is the mechanical advantage of feathering the oars ? 

14. A plummet, the string being held in the hand, is immersed in a 
current of water, and the string ultimately settles in a somewhat slanting 
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position. Explain by diagram the nature and action of the forces which 
determine the position of the string. 

«S. If white a steamer is steaming along the smoke rises vertically, 
what conclusion can you draw as to the state of the atmosphere ? 

16. Give some instances of the practical application of centrifugal force. 

17. How is it that a circus rider always leans towards the centre of 
the circus ? If he increases his speed, does he Lean mote, ot less, than he 
did before ? 

18. When a man, standing on a horse, which is going at great speed, 
jumps vertically upwards, what is the direction of the path which his body 
takes? 

19. A ball is thrown vertically upwards in an open railway wagon 
travelling at high speed. What is the general appearance of its path to a 
person who sees this as the train passes ? 

20. When a circus rider jumps through a hoop, in what direction docs 
he firing ? 

31 . In the rotation of the vanes of a windmill, is the velocity of every 
point on the vane the same ? If not, where is it greatest ? 

32 . Explain why and in what circumstances drops of water fly from 
the surface of a grindstone which is being rapidly turned. 

33. Explain why and in what direction drops of water fly from the 
wheels of a carriage running along a wet road. 

24. How is com separated from chaff in a mill ? 

25. Account for the fact that it is as easy to play ball on a rapidly 
moving steamer as it is on land. 

26. If at the equator a straight hollow tube were thrust vertically down 
towards the centre of the earth, and a heavy body were dropped through 
the centre of this tube, it would soon strike one side. Find which, and 
give a reason for your reply. 

27. If a ball is allowed to drop from the top of a high tower, in what 
position does it fall in reference to the base of the tower ? 

38. If two porters, A and B, carry a cask hung to a pole resting on their 
shoulders, what is the proportion which each porter bears— 

{#) When the cask is halfway between them ; 

{#) When it is at a distance from A twice that which it is from B; 

{<-) When it is four times as far from B as it is from A ? 

. l ' 29. Why is a finger caught in the hinge of a shutting door so severely 

1 4—» a 
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30* Explain the mechanical advantages of steel nippers in drawing 
nails from wood. 

31. Apply the principle of the lever to explain the cracking of a nut by 
the teeth. 

32. In lifting a weight with the hand, show that the lower part of the 
arm becomes a lever of the third kind. 

33. What is the difference between gravitation and gravity ? 

34. How can you ascertain whether a table is quite horizontal, and 
whether a wall is quite vertical ? 

35. Why is it easier for a man to carry a pail of water in each hand 
than to carry only one ? 

3'S A cart laden with stones may go safely on a road, one side of which 
is higher than the other; whereas if it carried the same load of hay it 
might be overturned. Explain this. 

37. Why are lamps and candlesticks loaded with weights at the base ? 

38. How can a body be accurately weighed by means of a balance 
which is not itself accurate ? 

39. Why are stepped stairs used in houses instead of a smooth inclined 
plane ? 

40. What do we understand by the length of a pendulum in an ordinary 
clock ? 

41. How is the ordinary pendulum regulated ? 

42. What alteration must be made in the length of a seconds pendu¬ 
lum which swings correctly at the sea level, if it is to beat seconds at the 
top of a hill ? 

43. Explain the manner in which the oscillations of the pendulum may 
be applied to determining the figure of the earth. 

44. What is the difference between cohesion and chemical affinity? 
What is the difference between adhesion and chemical affinity ? 

45. What is the difference between cohesion and adhesion? 

46. Give some illustrations of phenomena in which the forces of 
cohesion, of adhesion, and chemical affinity come respectively into play. 

47 Mention some substances which have, in a pre-eminent degree, 
severally the properties of hardness, of malleability, of elasticity, and of 
brittleness. 

48. Describe the construction and explain the action of the humming- 

top. 



y\6 Appendix of Questions 

49. Explain the nature of the mechanical operations which a labourer 
performs in dicing earth with a spade and throwing it into a barrow. 

50. Why must ships without cargo lake ballast on board ? 

51. In what sense aTe we to understand the statement that the spring 
balance indicates the true weight of a body ? 

52. With a horizontal wind a kite ascends. Draw a diagram showing 
the action of the forces by which it is urged upwards. 

53. The head of a hammer is more firmly fixed by striking the end of 
the handle against the ground. Explain this. 
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II.—ON LIQUIDS 


I. When a stream of water falls into a basin, drops spurt out ; of what 

property of water is this a consequence and a proof? 


2. What is the essential difference between liquids and gases ? 

3. Is a flood-gate which keeps the sea out of a dock exposed to more 
or less pressure than one which keeps out a lake or river? The depth 
below the surface of (he water is supposed to be the same in each case 


4. Under what conditions does the principle of the equality of pressure 
of liquids in communicating vessels no longer hold ? 

5 - Illustrate and explain some of the principal phenomena of capillary 
attraction. What forms do the surfaces of mercury and of water assume in 
narrow tubes ? 


6. If one end of a skein of silk is placed in a liquid contained in a 
vessel, and the other hangs over the side, the vessel is found after some 
time to be empty. How may this have been brought about ? 

7. Describe experiments showing the porosity and elasticity of solids, 
and also of liquids. 

8. Describe an experiment which shows that different liquids adhere 
to solids with varying degrees of force. 

9. What are the causes which prevent a jet of water from reaching the 
height of the water in the reservoir from which it is fed ? 

la Why can water-spiders and many other insects run on the surface 
of the water ? 


it. When water is poured out of a jug, why is some apt to trickle 
down below the spout ? 

I*. Why is writing with ink more permanent than with lead-pencil? 

13. Describe a simple method of determining the exact volume of any 
body of irregular shape ; a stone, for example. 

14. A small cubical box full of water is placed on a large piece of cork 
which is floated on water. Explain what happens when a hole is made in 
one side of the box. 

15. What metals float on mercury? What metals sink? 

16. If a pipe from a gutter fits water-tight into the top of a water-butt, 
what pressure must be allowed for on the bottom of the butt? 
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III.— ON GASES 

I. What is the main distinction between gases and Squids ? 

3 . Why is atmospheric air chosen as the type of gaseous bodies ? 

3. How can you prove the existence of an atmosphere ? 

4. Describe and explain the action of some apparatus which depend on 
the pressure of the atmosphere. 

5. How is the pressure of the atmosphere measured ? 

6. How can you show that gases have (1) weight, (2) elasticity? 

7. Demonstrate experimentally the elasticity of air. 

8. What experiment proves that the atmospheric pressure at any given 
level is transmitted equally in all directions ? 

9. How can you tell whether the Torricellian vacuum of a barometer 
is perfectly free horn air ? 

10. Explain how the amount of the atmospheric pressure in pounds is 
found ; and why we are unconscious of its action on our bodies. 

II. Is it necessary that a barometer tube be everywhere of the same 
diameter ? Must a thermometer tube have the same calibre throughout ? 
Give reasons for your answers. 

IS. Explain the principle of the application of the barometer to the 
measurement of the heights of mountains. 

13. Explain the principle of the use of the barometer as on indicator 
of the state of the weather. 

14. Explain the manner in which water is raised in a pipette or in a 
wine-taster. 

15. How do you measure the degree of rarefaction in a receiver attached 
loan air-pump? 

16. Why does a bubble of air liberated at a considerable depth in water 
gradually increase in sise until it reaches the surface ? 

17. Supposing an air-tight bladder, containing a cubic foot of air, at a 
depth of about thirty feet in the sea, to be brought to the surface, what 
would it measure then ? 

18. If a pound of atmospheric air under the ordinary atmospheric pres¬ 
sure me a s ures 13*07 cubic feet, what will it measure under a pressure of 
«9 <3 inches? 
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ig. What is the main circumstance which limits the depths to which 
divers can go ? 

ao. If a barometer were earned down in a diving-bell, what would take 
place ? Give a rough quantitative result. 

at. Empty and tightly corked soda-water bottles sunk to great depths 
in the sea, when they are brought up, are often found to contain water, but 
are still tightly corked. To what may this be due ? 

a*. Explain the use and action of a vent-peg in a beer-barrel. 

23. Explain the action of the siphon. Does it act in a vacuum ? 

24. Explain why a body weighs less in air than in an exhausted 

receiver. 

25. In selling diamonds by weight, is it advantageous to the seller that 
the barometer should be high or low ? 

26. Is it advantageous to the buyer that, in buying diamonds, the 
weights should be of rock crystal or of platinum ? 

27. How can an aeronaut make his balloon ascend or descend at 
pleasure? 

28. Explain why, when the nozzle and valve hole of a pair of bellows 
are stopped, it is difficult to separate the boards. 

29. How do you explain the peculiar smell noticed after a shower of 
rain has fallen on a dusty road ? 

30. The parts of a whitewashed ceiling immediately under the rafters 
are lighter in colour than the rest. Account for this. 

31. Why is the pressure in an ordinary closed room the same as the 
pressure in the open air ? 

32. How would you determine by experiment the volume of air con¬ 
tained in a porous material, such as a brick? 
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IV.—SOUND 

1. Explain what is meant by the wave length of a sound travelling 
through the air. Give a diagram showing the direction of motion of the 
air at different parts of the wave. 

2. Describe an experiment which proves that sound cannot pass 
through a vacuum. 

3. What are the proofs that water conducts sound ? 

4. What reasons have you for thinking that solid bodies conduct sound 
better than gases ? 

5. Explain why equally loud sounds are heard at very different 
distances on different days. 

6. How is it that the sounds of telegraph wires are heard more dis¬ 
tinctly when you put your ear to the telegraph posts ? 

7. A material, which can only be used in thicknesses of a quarter of 
an inch, is to be used for the purpose of stopping sound. What experi¬ 
ments could you make with such materials to enable you to select the 
best? 

8. The intensity of a sound varies inversely as the square of the 
distance from the source. Explain generally why this is so. Does the 
statement remain true if a speaking trumpet is used to direct the sound ? 

9. Arrange a few substances in the order in which they transmit sound. 

10. Supposing you wish to exclude sound from a room, what principle 
do you act upon ? 

ir. How is it that you hear a sound originating to windward better 
than one which arises to leeward of you ? 

it. Why is the sound of a vibrating tuning-fork stronger when the foot 
of the fork is placed on a table or on a box ? 

13. How can the velocity of sound be determined in gases, and how in 
liquids ? 

14. Mention some reason for thinking that sounds of high and low pitch 
travel with the same velocity. 

15. A shot is seen to be bred at some distance from the observer; 
between seeing the flash and hearing the report be counts 8 beats of the 
pulse (So In a minute)—what is the distance of the gun ? 
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16. A flash of lightning is observed and the thunder is not heard until 
fifteen seconds afterwards, Why is this, and what is the distance of the 
observer from the flash ? 

17. How distant must a wall be in order that it may echo a word of 
four syllables ? 

18. The sound of a gun is echoed from a mountain half a mile off; at 
what time will the echo reach the person who fires the gun ? 

19. What experimental evidence would you give that sound can be 
refracted ? 

ao. A boy holds a stick tightly in a slanting position against some 
vertical iron railings, which are four inches apart—at what rate must he 
run so as to produce a note with sixteen vibrations in a second ? 

21. Describe the construction and explain the action of the safety 
whistle in steam-engines. 

22. Explain the difference between the intensity and the pitch of 
a sound, and point out the causes which affect the intensity. 

23. Explain why sounds are so distinctly heard oier a large smooth 
lake. 

24. Describe the siren, and explain how the number of vibrations per 
second in a given note may be found by means of it. 

25. Why is the pitch of women’s and boys’ voices higher than that 
of men’s? 

26. What is resonance ? How is it most effectually prevented in 
enclosed spaces ? 

27. How would you determine the rate of vibration of a tuning-fork ? 

28. A person claps his hands in front of a wall, and hears the echo 
a quarter of a second afterwards. At what distance is he from the 
wall ? 

29. Explain how to construct an instrument with strings of the same 
material and thickness, so that, under the same stretching force, the 
successive strings may give the consecutive notes of the major scale, 

30. Four strings of the same material and length, but of different 
thicknesses, are stretched on a violin, and tuned so as to give successive 
fifths} compare the thicknesses of the several strings. 

31. Two tuning-forks at the same temperature vibrate at the same rate. 
One of them is heated. State and explain the effects produced when the 
forks are now sounded together. 

3A 
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33. A jar containing air, mad another containing hydrogen, resound to 
the same tuning-fork. Are the jars alike ? If not, state and explain the 
difference between them. 

33. What would be the general nature of the difference between two 
tuning-forks of the same dimensions, one of brass and the other of steel ? 

34- What note makes three times, and what note one-third, as many 
vibrations as the fundamental note C ? 



V.—HEAT 


*• In what wa X 18 the h eat of th e human body generated and kept up ? 

а. Describe the general effects of heat upon sohds, liquids, and gases. 

3. How does heat generally affect the size of bodies? Are there anv 

exceptions to the general rule ? 1 

4. Describe the way m which an ordinary mercurial thermometer is 
made and gtaduated. 

5. How do you proceed to examine whether a thermometer is accurate 
or not ? 

б. Compare the advantages and disadvantages of alcohol and water for 
thermometers. 

7. Point out the difficulties which attend the determination of the 
actual temperature of the air, as distinct from that of surrounding objects, 
at any time and place, and how errors in the determination may be best 
avoided. 

8. Describe and explain the principle of the gridiron pendulum. 

9. Why does a pianoforte get out of tune when brought into a cold 
room ? Is the pitch higher or lower ? 

10. A belt of ice is placed round the middle of a vertical cylindrical 
vessel filled with water ; one thermometer is placed in the water above the 
ice-belt and another below it. Describe the changes which take place in 
the thermometers as the temperature of the water falls from 10° to near 
the freezing point of water. 

11. When a balloon passes from a cloud into sunshine, what danger is 
likely to ensue if the balloon is not well managed, and what is the cause 
of it ? 

12. A certain volume of air, at the temperature of the melting-point of 
ice, and under the ordinary atmospheric pressure, is contained in a vessel, 
the pressure of which may be varied. What pressure must be applied m 
order that, when the temperature of the enclosed air has been raised to 
that of the boiling-point of water, the volume of the an should remain 
constant ? 

13. Why is it possible to seal a piece of platinum wire into a glass tube, 
but not a piece of brass or iron wire ? 

14. Illustrate what is understood by the terms latent heat, sensible heat, 
specific heat. Can you describe some methcd of determining the specific 
heat of a body ? 
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1 5 - A copper calorimeter weighs 600 grammes and contains 1 kilo¬ 
gramme of water at to° C. If too grammes of water at too 0 are added, 
caknlate the final temperature of the mixture, neglecting external loss of 
beat, and assuming the specific heat of copper to be i/to. 

t6. What is meant by saying that the latent heat of steam on the 
Centigrade scale of temperature is 537? If Fahrenheit’s is the scale 
employed, what is the value of the latent heat ? 

17. Give an instance of a great mechanical force exerted by the passage 
of a liquid from the liquid to a solid state. 

18. Mention some substances which are lighter in the solid state than 
in the liquid state. 

19. 'What metals are suitable for taking sharp casts, and what are not 
suitable ? Give a reason. 

20. Compare ether and water, alcohol and linseed oil, camphor and 
ice, as regards their evaporation. 

21. What important part does the great latent heat of water play in 
the general economy of nature ? 

22. What is the difference between gases and vapours ? 

23. Distinguish between a cloud and vapour. 

24. Give a reason for the crackling of wood in fires. 

25. Explain the singing of a tea-kettle. 

26. Mention some substances which pass at once from the solid into 
the gaseous state. 

27. Account for the fact that moist clothes dry upon being exposed to 
the open air at freezing temperature. 

28. Point out, and demonstrate experimentally, how the boiling-point 
of a liquid may be made to vary. 

29. Explain bow the height of a place may be found by the tempera¬ 
ture at which water boils there. If you had only salt water, would that 
Suffice for this determination ? 

3a Why cannot meat be properly boiled on the top of high mountains 
by the ordinary method ? 

3t. What are the several results observed upon continuing the appli¬ 
cation of heat to a vessel containing ice, at a temperature of o° C., until 
the contents of the vessel are raised to ioo° C. ; and what occurs if the 
application of heat is continued further ? 

3a. Describe fully the changes which take place when a cubic foot of 
ice originally at a temperature of- to° Q. is continuously heated. 
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33. When a volatile liquid, such as ether, is dropped on the hand, cold 
is felt. What is the reason of this ? 

34. Explain fully the feeling of freshness produced by the watering of 

streets. 

35. In what respect does the manner in which heat is diffused through 
liquids, and through gases, differ from that in which it is diffused through 
solids ? 

36. In what respects are thatched roofs preferable to those of slate or 
tiles? 

37. Explain and give experiments to illustrate the action of the wire 
gauze surrounding the flame in the safety lamp used m coal mines. 

38. When a building is heated by hot water, why is the furnace placed 
at the bottom? If the density of water at ioo° C. is 4 per cent, less than 
at l8°, find the difference of pressure which produces circulation in a 
height of fifty feet, if the upflow is at ioo° and the downflow at i8 u . 

39. Explain how the Gulf Stream illustrates the conversion of heat, and 
stale why it moves across the Atlantic in a north-easterly direction. 

40. Give some account of the way in which winds are produced. 

41. State any consideration, or describe any experiment, which shows 
that heat is propagated in a vacuum. 

42. A square foot and a square inch at different distances from the 
source of heat receive from this source the same total quantity by 
radiation. What are their relative distances from the source ? 

43. How can you prove experimentally that the intensity of radiant 
heat received by a body diminishes inversely as the square of its distance 
from the source of heat ? 

44. How is it that a room with a glass roof, but not healed artificially, 
becomes much hotter in summer than the outer air ? 

45. The rays of the sun in passing through a window do not perceptibly 
heat the panes of glass, but if a glass screen be held in front of the fire it 
soon becomes warm. Give the reason of this. 

46. An earthenware tile, w-hich seen by daylight has a dark pattern on 
a white ground, is heated to a white heal and viewed as it cools in a dimly 
lighted room. Explain the appearances it presents as it cools. 

47. When the sun’s rays have passed through a thick glass plate they 
will not affect the bulb of an ordinary thermometer, but will act upon a 
blackened one. Explain this. 

48. Why does a thermometer rise higher when the sun shines on a 
will near it ? 
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49- Why do grapes ripen better against a wall than in the open ? Why 
better against a dark wall than against a white one ? 

50. On one side of a plate of cold rock salt is a delicate thermometer 5 
a plate of rock salt and a plate of iron, both at the same high temperature, 
are successively placed on the other side of the cold rock salt. How is 
the thermometer affected thereby in each case ? 

51. Define precisely what is meant by the statement that the boiling- 
point of water is 100 s C. 

53. Explain the formation of dew and of hoar frost. 

53. On what substances does dew form most freely? Why is none 
formed under trees ? 

54. When the steam from a locomotive js seen only slowly to disappear, 
what conclusion can be drawn as to the state of the atmosphere ? 

55. State what is understood by the kygromctric state of the air; and 
describe the construction and use of some form of hygrometer. 

56. What phenomena are observed when a vessel containing ice or 
snow is brought into a warm room ? 

57. Why is dew more abundant on a still, clear night, than on a windy 
or Cloudy night ? 

58. Explain the following phenomena: (a) the moisture on inside 
walls when a thaw sets in; (A) the cloud produced in the -receiver of an 
air-pomp when the air is suddenly rarefied; (c) the cold experienced on 
standing near a wall of ice. 

59. Define the dew-point. The dew-point is often much higher in 
summer than in winter, and at the same time the air is drier ; how do you 
account for that ? Why is dew seen usually near the ground only, and not 
so much a few feet above the ground, and on some bodies more than on 
others? 

60. The surface of a pond is observed, under certain atmospheric con¬ 
ditions, to be covered with clouds of mist. Under what circumstances 
does this occur, and how do you account for the phenomenon ? 

61. If a stream of air, issuing from a bag which is pressed by a weight, 
impinges on the face of a thermopile, indications of beat appear j but if 
the stream issues from an air-gun receiver, into which air had previously 
been compressed, indications of cold appear: account for these facts on 
general principles, and give some other illustration of the same principles. 

62. Independently of direct measurements, what means of measuring 
the heights of places do we possess ? 



63. How is it that an island climate is more moderate than a con¬ 
tinental one in the same latitude ? 


64. What are the chief conditions on winch the climate of any place 

depends? 

65. Give some illustrations of the principle that, whenever any of the 
effects which heat can produce are reversed, heat itself is the result. 


66. Explain the principle of the barometer. How is it affected by 
variations of temperature ? Why would a water-barometer be more 
affected by such variations than a mercurial one ? 


67. Illustrate the principle that, whenever any of the effects which heat 
can produce are brought about in any other way, cold is the result. 

68. By what means could you produce ice artificially without the aid 
of a freering mixture ? 


69. Describe the physical constitution of a cloud, and explain why it 
remains suspended in the air. A change of wind from N.E. to S.W., or 
via i‘crs&, is, in this country, almost always accompanied by rain. Give a 
rational explanation of this. 

70. Give some instances of the production of heat by friction, by per¬ 
cussion, and by pressure. 

71. Explain the way in which rain is produced, from the beginning of 
its formation to the end. 


72. Supposing we had no coal and no wood, what sources of heat would 
still be available to us ? 

73. What are the two causes which enable us to attain a high speed on 
railways as compared with horse power on ordinary roads ? 

74. Why is heavy rain injurious to ripe grapes? 


75. The upper surface of a laurel leaf is bright and smooth, the lower 
surface rough. What effect has this on the temperature ? 

76. What effect has the opening of a soda-water bottle on the tem¬ 
perature of the liquid ? 

77. Why is the evaporation from wet grass greater than that from an 
equal surface of water at the same temperature ? 

78. If water is kept still it may be raised to above too 0 C., even in the 
open air. If shaken it will burst into ebullition. Explain why only a 
comparatively small amount is turned into steam. 

79. The degree of moisture in the atmosphere affects the velocity of 
sound ; what is the general nature of this action, and what is the physical 
reason for k? 
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VI—LIGHT 

1. What analogies and what differences are there between sound and 
light? 

2. Why does a bird at some height in the air cast no shadow on a 
sunny day ? 

3. What determines the sire of a shadow ? 

4. A small opaque disc is placed between a large gas flame and a 
screen; trace the appearance on the screen as the disc is moved from the 
screen up to the gaslight. 

5. Describe and explain the camera obscura. 

6. Explain why it is that, whatever be the shape of a small aperture 
in the wall of a dark room, the image of the sun formed there will be 
round. 

7. Describe a method suitable for comparing the candle power of an oil 
lamp with that of a gas flame, and explain what measurements are necessary. 

8. Suppose five similar candles to bum in a cluster at one end of a rod 
10 feet long, and two similar candles at the other end. How far from the 
cluster of five must a sheet of paper be placed so that the illumination on 
one of its sides is equal to that on the other ? 

9. If you can just see to read by moonlight, and also by a candle five 
yards off, how much brighter is the moon than the candle ? Distance of 
the moon, 240,000 miles. 

10. A candle is placed midway between two mirrors inclined at an 
angle of 45°; diary diagrams showing the paths of rays when an eye looks 
at each image in succession. 

11. Trace the changes in the position of the image formed by a concave 
spherical mirror, as the object is moved from a great distance up to the 
surface of the mirror. 

12. Account for the fact that a coin placed in water appears higher than 
It really is, and that shallow lakes appear shallower than they really ate. 

13. Show by a diagram the manner in which a stick appears bent when 
placed obliquely in water. Explain the appearance. 

14. A coin at the bottom of a basin is invisible to an observer In a 
certain position, but comes into view when water is poured into the basin ; 
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supposing, instead of water, a liquid with a greater refractive index is 
poured in, must the height of the liquid be greater or less than that of 
the water that the observer may see the coin ? 

15. Standing in front of either end of an aquarium tank, if you look at 
the other the back appears nearer ; standing in front of the middle of the 
tank, the back appears curved. Account for these results. 


16. In spearing salmon, what should be the direction of the aim ? 

17. Illicit stills have sometimes been discovered by the column of heated 
air arising from them. How may this be accounted for ? 

18. How is the ordinary sight of a person under water affected ? Is 
he short-sighted, or the reverse ? 

19. Trace the course of a ray of light from the visible setting sun to 
the observer, giving a diagram, and explain the appearance observed. 

20. If powdered glass is soaked with an oil of the same refractive index, 
the individual particles cannot be seen. Explain this. 

21. In what circumstances would a colourless mineral he invisible in a 
liquid ? 

22. Account for the transparency of paper which has been soaked 
in oil. 

23. If unpolished colourless precious stones are opaque in consequence 
or their surfaces being rough, how may they he easily made transparent so 
that internal flaws can be discovered ? 


24. If some black lines are ruled on white paper, and one half covered 
with a thick piece of plate glass, what effect does an observer perceive 
when the lines are looked at ? 


25. In what direction does an eye under water see an object above the 
water ? 

26. Explain by the aid of a diagram what occurs when light is incident 
on ft glass plate. Explain why a transparent substance, such as glass, is 
opaque when finely powdered. 

27. Describe some experimental method of determining the focal length 


of a concave spherical mirror. 

28. Draw as nearly as you can to scale the path of a ray of light 
through a prism of refractive index 15 and angle 6 o% in the case where 
the angle of incidence is equal to the angle of emergence. 

a 9 . How can you determine the focal length of a double convex lens ? 

30 Two large thin watchglasses are cemented together so as to form 
ft double convex lens filled with air, and are then immersed tn water. 
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Trace the course of the rays of light &llrag upon the lens from a luminous 
point in the axis of the lens and under water. 

31. Explain bow a convex lens may be used to obtain (i) a real 
image; (2) a virtual image of an object. Give a sketch to illustrate your 
answer. 

32. Explain by a diagram the formation of multiple images by internal 
reflection in a thick plate-glass mirror. 

33. A convex lens is used to form an image of a candle on a screen. 
A {date of glass an inch thick is interposed between the lens and the 
screen. How must the screen be moved to restore the focus ? Draw a 
diagram to explain your answer. 

34. What are the practical difficulties which limit the magnifying 
power of the telescope ? 

35. A short-sighted person uses an opera-gloss which has just been 
adjusted for long sight. Does he need to alter it ? If so, how ? 

36. Vou have two achromatic convergent lenses, of 1 inch and 10 inches 
focal length respectively. How would you combine them to form (a) 
a compound microscope j (i) a telescope ? Give diagrams showing the 
action of the lenses in each case. 

37. Describe a method by which the velocity of light may be 
determined. 

38. What simple experiment made with a lens would tell you whether 
the lens were achromatic or not ? 

39. What appearance does a piece of red sealing-wax present in a room 
lighted by a pure yellow light ? 

40. What colours would appear black in a room in which the sun’s 
light is admitted through red gloss ? 

41. If two pieces of the same grey paper are laid, the one upon a black 
and the other Upon a white ground, the former appears lighter. Give an 
explanation of this. 

42. What is short right, and what long sight ? Show the use of spec¬ 
tacles to'remedying these defects. 

is short right usually met with in young and long sight in 

there any general difference in the structure of the eyes of fishes 
pitot those of other animals ? 

- 45. Why do the more distant trees in an alley seem to run together i 
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46. There is a photographic rule that in photographing a building the 
nearer you are to the building the longer must be the exposure. On what 
is this rule based ? 

47. Why does the surface of a table appear brighter when a lamp is 
surrounded by a semitransparent globe ? 

48. How is it that an unknown object appears larger in a mist than it 
really is? 

49. Why is moist air more transparent than dry air? 

50. Why does ordinary daylight appear dazzling to anyone coming from 
a dark room ? 

51. Writing in ink in a particular illumination can be seen in whatever 
position it is looked at; but writing in pencil only when looked at m 
certain positions. Explain this. 
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VII.—MAGNETISM 


1. The earth attracts a falling stone; a magnet attracts a piece of soft 
iron. In what respects do these attractions agree, and in what respects do 
they differ ? 

2. In what sense is it true that magnets only attract magnets ? 

3. One pole of a magnet, made of soft iron and only weakly magnetised, 
is found to be repelled by the pole of a strong magnet when the latter is 
some distance away, but to be attracted when the magnets are close 
together. Explain this. 

4. If a piece of hard steel wire (unmagnetised) and a similar piece of 
soft iron wire are presented to one pole of a magnet, state which you would 
expect to be attracted with greater force, and give your reason. 

5. Five balls of iron hang In a series from the north end of a magnet, 
but you cannot get a sixth ball to hang: why ? The north end of a second 
magnet is brought directly over that of the first; seven balls of iron now 
cling together : why ? You place the second north pole below the series 
of balls ; several of them fall away : explain this. 


6 . Describe a dip needle. How does it behave when the instrument 
is placed out of the magnetic meridian ? How far is the action of the 
earth on a freely suspended needle similar to that of a powerful magnet ? 

7. A dip needle is moved completely round the earth, passing through 
the two poles; describe the changes in its direction of pointing which take 
place during this operation. 

8. Explain why the inclination of a dip needle at any place is less when 
the needle swings in the magnetic meridian than when the needle swings 
in any other plane. 

9. State how you would magnetise a piece of watch-spring. 


10. An iron rod, held vertically and struck with a hammer, becomes 
magnetised i how do you account for this ? How do the position and the 
atriking aflect the case ? Which end will be the north pole of the rod ? 

r Is it that iron tools, such as chisels, Sic., are often found to 
be) mentlymagnetised ? 

t is meant by the term * magnetic saturation ’ ? 

nt out the errors most likely to affect the determination of the 
tof » gallery of a mine by means of a compass 
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14. What is the magnetic condition of a bar of soft iron held parallel 
and near to a bar magnet ? 

15. A magnet is dipped into a mass of loose iron filings, and when it is 
withdrawn the poles are surrounded by bunches of filings. Explain this 
and illustrate the state of the filings by a diagram. 

16. How would you place a rojl of soft iron for it (i) not to be 
magnetised, (2) to be magnetised as much as possible along its length by 
the earth’s inductive action ? 


17. By what experiments could you ascertain whether a sewing-needle 
is or is not slightly magnetised ? 

18. Describe and explain the movements of a small compass needle 
placed in the middle of a horizontal circle round which the N pole of a 
long vertical magnet is carried. The magnet produces at the centre of the 
circle a magnetic field less strong than (hat of the earth. 

19. Why is less force required to pull a small lion rod away from the 
poles of a powerful horseshoe magnet than would be required to pull a 
thick bar of iron away from the pole of the same magnet ? 

20. Give your reasons for supposing that there is no such phenomenon 
as magnetic conduction. 

21. State the experiments and the reasoning from which it is inferred 


that the earth is a magnet. 

22 The ends of a bar magnet have the property of attracting iron, but 
between them there is a part where this property is entirely absent. If a 
magnet is broken across at the neutral part, what are the properties o 


the two pieces? 

2t Two pieces of magnetised sewing-needles are fastened to corks so 
as to float horizontally on water. What takes place if the needles are left 
to themselves, at a distance of a few inches apart, on the surface of the 


wait* r 

24. A piece of steel is hung from one end of a delicate pair of scales 
and is accurately counterpoised. It is then magnetised. Does this cause 
the scale beam to incline in either direction? 

25. What effects have a moderate, and what effects an extreme, change 
of temperature on a magnetised steel bar ? 

26. Describe the manner in which the magnetic needle is ttsed to trace, 
in any place, a line due north and south. 

37 Why is it that, although a magnetised needle, placed on a cork so 
as to float horizontally on water, sets (north and south, it does not move 
bodily in either direction ? 
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28. Two sewing-needles, magnetised so that the eyes ate north pedes, 
are stack through cork so that who) placed in water they float vertically. 
What happens when they are brought at a little distance from each other 
in the water ? 

39. If two persons, starting from different parts of the earth, were to 
travel northwards so as always to move in the direction in which the com¬ 
pass needle pointed, towards what region would their paths converge and 
how would (1) a compass needle, {2} a dip needle, behave there ? 
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VIII.—FRICTIONAL ELECTRICITY 


1. How can you prove that whenever one kind of electricity is pro¬ 
duced the other is produced at the same time and in the same quantity ? 

2 . What kinds of electricity are produced on each of the following sub¬ 
stances when they are rubbed together m pairs—flannel and brass, glass 
and flannel, guncotton and shellac ? 


3. How do you prove that there are two kinds of electricity ? 

4. If you were given a stone, and you were unaware whether it was a 
conductor or not, explain how you would proceed to determine this point. 

5. Why is repulsion a surer test of the electnc condition of a body than 
attraction ? 

6 . Give some instances of the influence of moisture in electric 


phenomena. 

7. What is the best means of depriving a bad conductor of a charge of 
electricity? 

8. In what respect do the forces of magnetism and electncity resemble 
each other ? In what do they differ ? 


9. Explain the statement that electricity only attracts electrified bodies 

10. An eggshell is placed upon a table, and a stick of sealing-wax 
rubbed with a flannel is brought near it. As the sealing-wax is moved the 
egg follows it. Give a full explanation of these results. 

u. Sulphur is ground in a porcelain mortar and some of the powder 
h placed on the cap of a gold-leaf electroscope ; the leaves diverge • why ? 

l a. How can heat be converted into electncity ? 


13. Describe experiments which show that the tennsz/i *eons electncity 
and rtnnous electricity are inappropnate. 

14, If you were provided with a body charged with positive electncity, 
and were required to charge a plate of metal with negative electncity by 
means of it, how would you proceed ? 

U. Explain why it is in general easier to impart a charge of electricity 
to a bar of iron by induction, and to a piece of mdia-rubber by friction, 
than vie* vtrsA, 

16. Given two insulated metal spheres A and B, of which A is charge 
With positive electricity, and B is uncharged, show how a positive charge 
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may be communicated to a gold-leaf electroscope by means oi A and B 
without A losing any of its charge. 

17. An excited rod of sealing-wax is held about one inch from the wall 
of a room which may be regarded as a conductor. A proof plane is made 
to touch the part of the wall nearest the sealing-wax and is then carefully 
removed to a distance. What is now the electric state of the proof plane 
as regards charge and potential ? 

18. How would you prove (1) that the potential is the same at every 
part on an electrified conductor; (a) that the charge at any part depends 
upon the shape of the conductor ? 

19. State the general laws of distribution of electricity on an electrified 
conductor. Describe the distribution in the case of a hollow tin tube 
insulated and electrified. How is it modified if you bring your hand near 
to one end ? 

20. How can you prove that electricity only resides on the surface of 
bodies? 

21. By what experiment can you prove that a solid sphere of metal 
cannot be more highly electrified than a hollow shell of the same diameter ? 

22. A body (A) is brought near a magnetic needle, which is thereby 
seen (o he acted upon, ffow coufd you prove whether this action fs due to 
electricity or to magnetism ? 

23. Describe and explain the action of the electric whirl. 

24. Given two similar insulated metal pots and a small charged metal 
ball suspended by a silk ribbon, how would you charge the pots (1) with 
equal charges of the same sign, (2) with equal charges of opposite sign ? 

25. If an electrified body is placed in communication with the earth, 
or has a sharp point projecting from it, in either case all sign of electricity 
soon disappears. Explain why this is so by referring to the general laws 
of distribution of electricity. 

26. A bird in a metal cage hung by an insulating cord is unaffected 
however strongly the cage may be electrified. Show what risk the bird 
would run on quitting the strongly charged cage. 

27. If an insulated tin tube is charged, what difference of electric 
potential will there be at different parts, both inside and outside the tube ? 

28. A small hall suspended by a silk thread is placed inside, but not 
touching, an insulated tin cylinder. The outside of this is then electrified. 
State and explain the electric condition of the ball when removed from the 
inside of the cylinder. 
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29. A sheet of brown paper is dried and smartly rubbed with india- 
rubber. Explain what takes place when it is placed against the walls of a 
room. 

30. A soap-bubble is blown on the end of an insulated conducting 
tube > will any change take place if the conductor is electrified ? 

31. Two equal metal balls are electrified, one five times as strongly as 
the other. When at a certain distance apart, they are found to repel one 
another with a force equal to the weight of one grain. If they are brought 
into contact and then separated to the same distance as before, what force 
will they exert on each other ? 

32. On bringing the finger near the knob of a charged gold-leaf electro¬ 
scope, the divergence of the leaves is seen to diminish. Explain this. 

33. How would you screen off from an electroscope the effect of any 
electrification at a distance ? 

34. A small piece of gold-leaf, when set free immediately above the 
knob of a Leyden jar, is seen to hover, neither rising nor falling. Account 
for this behaviour. 

35. A hollow metal cup, the inside of which is coated with sealing- 
wax, is placed upon the cap of a gold-leaf electroscope. The bottom of 
the interior of the cup is then rubbed by flannel attached to a non-conduct¬ 
ing handle. Describe and explain the behaviour of the leaves of the electro¬ 
scope (I) while the rubbing is in progress, (2) after the removal of the 
flannel. 

36. Two equal conducting spheres are charged, one with positive and 
the other with an equal quantity of negative electricity, and are placed a 
certain distance apart. A third conducting sphere, which is insulated but 
uncharged, is placed exactly halfway between them. What is (I) the 
state of electrification, (2) the potential of this last sphere ? 

37. What is meant when it is said that the earth is the common reser¬ 
voir of electricity ? 

38. It is required to compare the insulating power, under water, of two 
materials, such as gutta-percha and india-rubber. Explain how this may 
be done. 

39. You have several rods of unknown materials. Describe exactly 
experiments which would enable you to distinguish those which are con¬ 
ductors of electricity from those which are non-conductors. 

40. What are the advantages and disadvantages of glass as an insulator 
la electric apparatus ? 

4t. The bared end of a long insulated wire being given to you, you are 

3 * 
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required to determine whether it is charged with electricity, and if so, with 
what kind of electricity, 

41. Explain the use of the prime conductor of a machine. You can 
draw brighter but not longer sparks by using a large conductor than by 
using a small one ; explain why that is so. 

43. A gold-leaf electroscope, the knob of which is connected with the 
ground by a wire, is placed near the prime conductor of a powerful electric 
machine in action. Whenever a spark is taken from the machine the leaves 
suddenly diverge. Explain this. 

44. A shallow tea-tray in which are placed some pith balls is placed 
on a non-conductor, and is then electrified. Explain what takes place 
when the tray is lifted up by an insulating handle. 

4$. Could an electric machine be made to act if it had a metal {date 
instead of a glass plate ? If not, why not ? If it could, show how. 

46. A small insulated electrified sphere is placed at a certain distance 
from an electroscope. How is the original action on the electroscope 
affected by separately interposing between it and the sphere (a) an ebonite 
plate, (41 an insulated brass plate, (r) an uninsulated brass plate ? 

47- A gold-leaf electroscope, far removed from electrified bodies, is 
given a weak charge of negative electricity. Explain ho w its potential varies 
when a glass rod strongly charged with positive electricity is brought 
from a distance close up to it. 

48. Describe any experiment to illustrate the fact that the spark pro¬ 
duced by an electric discharge lasts but a very short time. 

49. An insulated electrified ball is brought near the knob of an electro¬ 
scope, which is then momentarily touched so that the leaves hang vertically. 
Explain why the leaves diverge when the ball is now moved either nearer 
to or further from the knob. 

50. Describe the mode of charging and discharging a Leyden jar. 
What circumstances influence the amount of electric charge which such a 
jar can acquire ? 

$1. A Leyden jar is placed on an insulated stand, and is connected 
with an electric machine at work ; its outer coating is connected with the 
ground by a wire; state and explain what happens in this wire. 

$ 2 . A Leyden jar is connected to the positive terminal of an electric 
machine, the outer coating of the jar being earthed. When charged it is 
disconnected, and placed on an insulating stand. The inner coating is then 
put to earth, and the outer coating is touched with the knob of an equal 
jar held in the hand. Will the second jar be charged, and if so, with what 
kind pf electricity 1 
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53- A Leyden jar is held by its knob while its outer coating is charged 
by an electric machine. It is then placed on an insulating slab, and the 
hand, quitting the knob, touches the outer coating, whereupon it receives a 
spark. Explain this action and state if the jar is discharged. 

54 - Give an explanation of thunder and lightning, embracing the 

phenomenon known as the return shock. r 

55 - Would you expect a gold-leaf electroscope to show signs of excite¬ 
ment (t) indoors, (2) out of doors, when there is a thunder-cloud over¬ 
head ? What sort of effects would you expect in such a case, and how 

caused? 

56. Describe some method of collecting and examining the electricity 
of the atmosphere. 

57- What is a lightning-conductor, and in what way does it act? 
Suppose you are required to extemporise one for a detached house, give a 
detailed account of the manner in which you would proceed. 

58. If a lightning-conductor on a building be earned near a part of the 
roof covered with lead, why is it desirable that the lead should be con¬ 
nected with the conductor ? 

59. Account for the fact that we may have lightning discharges with¬ 
out thunder. 

6a. If a tall iron rod projecting above the roof of a house is not con¬ 
nected with the ground, but passes near an iron pipe which is so connected, 
sparks are sometimes seen to pass between the rod and the pipe, even 
when there ts no lightning. Explain this. 
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IX.—VOLTAIC ELECTRICITY 

1. A plate of pure ?.inc is partially immersed in dilute sulphuric acid: 
what is its electric state ? A plate of copper is also partially immersed 
in the same liquid : what is its state ? The plates are now connected out¬ 
side the liquid by a wire. State and explain fully what ensues. 

2. What are the conditions for the production of a voltaic current ? 
Mention some different arrangements in which these conditions are 
fulfilled. 

3. Mention some of the properties of a wire conveying an electric 
current If you were asked to show that, when the two coatings of a 
charged Leyden jar are connected by a wire, a current of the same nature 
as that produced by a voltaic cell passes through the wire, how would you 
proceed ? 

4. What is meant by polarisation in a galvanic cell ? Mention some 
cell in which there is no polarisation, and explain the reason of its 
absence. 

5. State whether local action or polarisation takes place in (1) a Daniell 
cell, (2) a Leclanche cell, giving reasons for your statements. 

6. What are the chief points of difference between statical and dyna¬ 
mical electricity ? 

7. A wire traversed by an electric current is placed over and then 
under a magnetic needle. Describe the effects that are thereby produced. 

8. By what means would you ascertain the direction of a current of 
electricity in a wire the ewls of which aie hidden from you ? 

9. The poles of a galvanic cell are connected to the terminals of an 
astatic galvanometer, and the needles are in consequence deflected through 
a large angle. When one of the needles of the astatic combination is 
removed, other things remaining the same, the deflection is small. 
Explain this, 

10. Give two examples of the chemical action of an electric current, 
and two others of the magnetic action of the same current. 

11. A small magnetic needle is feebly magnetised: it is desired to 
remagnetise it in such a manner that its original polarity is reversed. 
Describe how you would proceed to do this by means of a voltaic current. 

' a, The ends of a brass rod on which a steel ring has been slipped are 
joined to the poles of a voltaic battery. Is the steel ring magnetised by 
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13. You are required to describe distinctly how you would 

a) a current of frictional electricity; (A) a current of voltaic electricity 

!tent mieL m, ° ' Clty ‘ W " CUrrent > b ? “ <* * W 

14. Given two cells of different electromotive forces, a galvanometer 

“m™? y ° U find ° Ut Which ° f the cells h* the higher 


15. A current passing through a long wire is so weak that, when the 
wire is stretched over and parallel to a suspended magnetic needle the 
needle is not perceptibly affected. Describe and explain an arrangement 
which would enable you to obtain a movement of the needle by the action 
of the current. 


16. Describe an arrangement for making a ring traversed by a current 
float on water. In what way will it set if left to itself? State what 
takes place according as one or the other pole of a magnet is presented 
to it. 


17. How would you compare two wires as regards their power of 
conducting electricity ? 

18. How can you prove experimentally that in a closed voltaic circuit 
the strength of the current is everywhere the same ? 

19. A bar of copper weighing one pound is drawn into wire of a 
certain length; two pounds of the same kind of copper are drawn into 
wire of four times the length. What is the ratio of the total resistances of 
the two wires ? 

20. The poles of a cell arc joined by a wire 84 feet in length ; after 
the circuit is opened one third of the wire is bent upon itself, so that the 
two parts are in contact ; and the circuit is again closed by the wire 
thus modified. What is the ratio of the external resistances in the two 
cases? 

21. What would be the relative resistances of two wires of the same 
material, one of which was three times as long but only half as heavy as 
the other ? 

2a. If at a place where the declination is easterly there is an earth 
current from east to west, what effect will it have on a compass needle ? 

23. Two large insulated flat brass plates are set facing each other and 
very near together. A wire from one of them is joined to the zinc end of 
a battery of a great many cells; and a wire from the other plate joined 
to the other end (copper or platinum) of the battery. Without touching 
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either the wires or plates with conductors, the wires are removed from the 
{dates, and the plates then moved to a distance from each other. What 
will now be the electric condition of each plate? 

24. Two delicate astatic galvanometers are connected by a long length 
of wire so that their coils form one continuous circuit. Explain what 
happens when the magnet of one of them is moved. 

25. Copper and platinum wires of the same length and section are 
wound on two glass tubes, the coils being in every respect alike. If they 
are connected together to a battery so that the same current passes 
through them, explain how they will differ from each other in respect 
of (1) their action on a compass needle ; (a) their nse of temperature. 

*6. The poles of a voltaic battery are joined to the ends of a chain 
composed of alternate links of copper and iron of the same thickness. It 
is noticed that the iron links become hotter than the copper links. Explain 
this. 

27. Describe the general construction of an incandescent electric lamp, 
and explain why a high temperature is produced only within the lamp. 

28. A rod of carbon, thick at one end and tapenng towards the other 
end, is connected by copper wires to the poles of a battery. If the battery 
is powerful, what appearance will the carbon present ? 

29. You are required to coil a wire, and then to suspend it so that the 
axis of the coil, when a voltaic current is sent through it, shall set like a 
magnetic needle in the magnetic meridian. Show by a sketch how this 
is to be done. 

30. Describe an experiment which proves that electric currents flowing 
in the same direction attract each other, while currents flowing in opposite 
directions repel each other. 

31. Describe some experiment to prove that, when the terminals of a 
voltaic battery are connected by a wire, the liquid in the batteiy itself is 
traversed by an electric current. 

32. A strip of gold leaf attached to two metal conductors hangs some¬ 
what loosely in a vertical position between the two poles of a horseshoe 
magnet. When a current of electricity is passed through the gold leaf, 

what tekesjdace ? 

33. 4,;&ttnpass needle is placed at the centre of a vertical ring of wire. 
If the 'of the ring lies east and west, the needle is not necessarily 
defiec^lnieo a current of electricity is sent round the ring; if, however, 
MBsf the ring is north or south, (he needle is violently deflected 
dSHi current passes. Explain this. 
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34 * -A- metal ring through which a current circulates can move horizon¬ 
tally} its plane remaining vertical. Describe and explain what happens 
when one pole or the other of a bar magnet is presented to the ring. 

35 * Describe and explain how the magnetic effects of a coil of wire 
through which a current is passed is affected by introducing into the coil a 
rod of soft iron of the same length as the coil. 

36. What are the essentials for establishing electric telegraphic com¬ 
munication between two places ? 

37. What would be the general nature of the effects produced by a 
complete break in a telegraph line on the signals of the sending and on 
those of the receiving station ? What, in like manner, would be the effect 
of a leak ? 
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ABE 

A berration, chromatic, 385, 

spherical, 387 

Absorbing power, 230, causes which 
modify, 232 

Absorption, of gases by solids 77, by 
liquids, 148 , of light 325 
Accelerated motion, 19 
Accelerating forces, 22 
Accidental images. 382 , halo, 382 
Accommodation, 407 
Accumulators, electric, 516, hydrau 
lie, 92 

Achromatic lenses, 386 
Achromatism, 386 
Acidometer, 1x4 
Acieragc, 515 
Acoustic foci, 177 
Acoustics, 170 
Actinometer, 331 

Action of currents on magnets qi8 
Ader's telephone, 560 
Adhesion. 73 

Afertal perspective, 325 , wire, 540 

Atiriform fluids, 7 

Aeroplane, 167 

Aerostat, 167 

Affinity, 2, chemical, 72 

After-images, 382 

Air, atmospheric, 119, hvgrometric, 
state of, 293 , temperature of, 296 , 
weight of, 12a 
Air-gun, 154 

Air-pump, 149; gauge, 150, Spren- 
gel's, IS3 . a® 65 of, 151. °f a steam- 
engine, 380 
Alcarrasas, 268 
Alcohol thermometer, 218 


ARC 

Alcoholometer GuyLussacs 116 
centesimal 116 
Alphabet, telegraphic, 543 
Alternating discharges of Leyden jar, 
469 , currents. 551 

Amalgam 336, for electric ma- 
I chines 447 
Amalgamating zinc plates 497 
Amber, 429 
Ammeter, 527 
I Ampere, 507 

Amperes rule 519, stand 528 , 

I theory of magnetism, 533 
Amplitude of oscillation 60 170 , of 
a sounding body 185 
Analysis spectrum 375 
Anamorphoses 348 
Anemometer, 307 
Aneroid barometer, 146 
Angle, critical, 355 of incidence, 
332 , reflection 332 
Anion, 513 
Annealing, 78 

Annual changes of magnetic declina¬ 
tion, 423 
Anode, 513 

! Anlicyclonic systems, 311 
Antinode, 205 
Antipodes, 42 
Aperture of a mirror, 343 
A plana tic lenses, 387 
Apparent, expansion, 243 , rest, x6 
Appert s method of preserving food, 
'52 

Aqueous humour of the eye, 406 
Aqueous vapour, elastic force of, 365 
i Arc, voltaic, 511 
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ARC 

Archimedes's principle, 105, lit; ap¬ 
plied to gases, 165 
Argon, 119, laa 

Armatures of a magnet, 436, of a 
condenser, 461; of dynamo ma¬ 
chines, 553, 553 
Arms of a fever, 35 
Artesian wells, 103 
Astatic system, 531 
Astronomical telescope, 390, twilight, 
334 

Atmosphere, crushing force of, 134, 
electricity of, 477, experiments on 
weight of, 133, height of, 141 , 
pressure of, in all directions, 143 
Atmospheric, engine, 380, pressure, 
133; amount of, 138 , electricity, 
477, on the Pyramids. 477 , refrac¬ 
tion, 334 
Atoms, 4, 10 

Attraction, chemical, 3, 4, magnetic, 
413, local, magnetic, 438 , mole¬ 
cular, 5. 73; Universal, 38 
Atwood's machine, 58 
Audiphone, 183 
Aura, 45 S 

Aurora borealis, 485 
Auroras, 431, 485 
Auram musivum, 447 
Autoclaves, 387 

Axis, of suspension of balance, 50, 
principal and secondary of lenses, 
3 ®* 


TJALANCE, 50, conditions of ac- 
-*A curacy and delicacy of, 51; 
hydrostatic, 105, 111, 11a , spring, 

Balloons, air, 166 ; construction and 
management of, 167 
Balmain's luminous paint, 334 
Barker's mill, 88 
Barlow's wheel, 535 
Barometer, tao; cistern, 130; Fortin's, 
131; Gay-Lussac’s, 133; heights 
determined by, 141, mean height 
oft 1351 precautions in reference 
to. 133; siphon, 133 ; variations 
of, 133; weight, J39; glycerine, 
134; aneroid, 146 

'-“""i -variations, 136, 137; 

, 311 

T 

constant, 498; electric, 



CAL 

466; enfeeblement of the current 
in, 497 

Battery, chemical effects of, eta; 
luminous effects, 511 , physiologi¬ 
cal effects, 508, thermal effects, 
309, voltaic, 496 
Beam of a balance, 50 
Bearing of a compass, 431 
Beating reed, 303 
Beaumgs hydrometer, 115 
Bellows, 169 , acoustic, 304 
Bell's telephone, 360 
Bells, 300, electric, 547 
Bichromate cell, 504 
Binocular vision, 408 
Biot's experiment, 437 
Bird, flight of, 28 
Bladder of fish, 108 
Blocks, erratic. 106 
Blood-globules, sire of, 10 
Bodies, equilibrium of, 48 , general 
properties of, 8 , internal constitu¬ 
tion of, 6 
Boiler, steam, 387 

Boiling, 361 , laws of, a6a, 363; 

measurement of height by, 366 
Boiling-points, 362 
Bologna, tower of, 49 
Boreal polarity, 419 
Bottle, specific gravity, 111 
Boyle s law. 144 , tube, 144 
Brakes, railway, 154 
Bramah's press, 9a 
Breaking weight, 79 
British units, 113 

Broken magnets, experiment with, 

Brus?> discharge, 456, 486 
Buffon’s burning mirrors, 338 
Bulb of thermometer, 315; specific 
gravity, 344 

Bulging of earth at the equator, 41 
Bunsen and KirchhofFs researches, 
375 . 377 

Bunsens cell, 301; burner, 376 ; 

photometer, 331 
Buoyancy of liquids, 105 
Burning glasses, 369; mirrors, 338 
Buys Ballot s law, 311 


fxESlUM, 377 

Gotland's battery, 500 
Caloric, 375 
Calorific capacity, 376 
Calorific effects of the spectrum, 373 
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CAL 

Calorimeter, Rumford's, 319 
Calorimetry, 375 
Camera ohscura, 401 
Candle, standard, 331 
Capacity, standard of, 113, electric, 
443 • of accumulators, 516, specific 
inductive, 464 

Capillarity, 74, laws of, 75, effects 
due to, 76, depression in baro¬ 
meters. 133 
Captive balloon, 167 
Carbon, graphitoidal, 501 
Carbonic acid, liquefaction of, 274 
Carcel lamp, 331 
Cartesian diver, 107 
Catches, safety, 510 
Catoptric telescopes, 392 
Cauterisation. 510 
Cavity, tympanic, 210 
Celsius scale, 217 
Cementing, 73 

Centesimal alcoholometer, 116 
Centigrade scale, 217 
Centimetre, 113 

Centre of gravity. 45 , determination 
of, 46 

Centrifugal force, 31 
Charts, weather, 311 
Chatterton's compound 540 
Chemical, affinity, 3, 72 , attraction, 
3, 4 , combinations, 3x8 , effects of 
the electric battery, 474, 512 , of the 
spectrum, 373; hygrometers, 293 , 
phenomenon. 1 
Chest notes, 309 
Cheval vapeur , 286 
Children s experiment, 509 
Chimes, electnc, 453 
Chimneys, draughts in, 246 
Chladm s figures, aoo 
Chlorine, density of, 247 
Chords, 189 

Choroid, 406 o 

Chromatic scale, 191; aberration, 385 
Cirro-cumulus, 301 
Cirro-stratus, 301 
Cirrus, 301 

Cistern barometer, 130 
Clarionet, so8 
Clark's cell, 505 
Classification of dynamos, 555 
Cleevite, 377 
Climate, 399 

Clinical thermometer, 331 
Clocks, application of pendulum to, 
65; pneumatic, 154 


CON 

Clouds, 301; formation of, 30a 
Coatings of a Leyden jar, 403 
Coefficients, of expansion, 239, of 
friction 23 
Coercive force, 417 
Cohesion, 72 

Coil, primary, 549, RuhmkorffS, 336, 

537 , secondary, 549 , 

Cold, 320, by expansion of gases. 33 t, 
due to evaporation, 268, nocturnal 
radiation, 322 

Collecting plate of a condenser, 461 
Colli mation, 393 
Collodion, 402 

Colours, of the spectrum, 371; of 
transparent bodies, 381, comple¬ 
mentary, 382 
Colours of heat, 233 
Combustion, 318 
Comma 189 
Communicator, 538 
Commutator, 556 

Compass, needle 410, inclination, 
423 , manner's, 421 , card. 4 21 . 
pnsmatic 422 , deviation of, 428 
Compensation pendulum. 242 
Complementary colours, 382 
Component forces, 26 
Composition of light 381 
Compound microscope, 393, -wound 
dynamo, 555 

Compound musical tones, 194 
Compound pendulum, 61 
Compressed air manometer, 145 
Compressibility, 13 
Compression pump, 13 
Concave lenses, 360, 368: mirrors. 
228 343 , focus of, 344 , formation 
of images in, 347, reflection of 
beat from, 228 

Concert, invisible, 174 , pitch, 19 2 
Concurrent forces, 29, resultant of, 
27 

Condensation ,heat disengaged during, 
271, hygrometers, 293 , by chemi¬ 
cal affinity, 270 ; by cooling. 270 
by pressure, 270 , of vapours, S70 
Condensed wave, 171 
Condenser of a steam engine, *8° 
Condensers, limit of charge of, 461 
Condensing, electroscope, 468; en¬ 
gine, 280; [date, 461, 468 ; pump, 

I *54 - . 

Conductivity of bodies, applications, 
238, ofliquids, 336 , of gases, 237; 
of solids, 335 
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DIU 


Conductor, the earth as a, 54 *• 

Cfctt'W&M.y. 

and good for heat, 235, 236 
Congelation, 251 
Conjugate focus, 345, 363 
Connecting-rod of a steam-engine 281 
Consonance, 189 
Consonants, 909 
Orostant cells, affi 
Contractile force, 24° 

Contrast of colours, 382 
Convection, 236 ; electric, 453 
Converging lenses, 360 
Convex lenses, 360-367 
Convex mirrors, 343; formation °* 
images in, 348 

Cooling, condensation by, 270 i me ~ 
thod of, 278 
Cords, vocal, 209 
Cornea, 406 
Comet-i-piston. 208 
Cord's fibres, 210 
Coulomb, 537 
Courmtu its tasses, 496 
Critical angle, 355 ; temperature 274 
Cross-wire, 390 
Crown-glass lens, 386 
Crutch or escapement, 65 
Crystalline, 406 
Crystallisation, 252 
Crystals, 252 

Cubical expansion, 213, 239 
Cumulo-stratus, 301 
Cumulus, 301 
Cupping, 143 

Current, electricity, 492, 507 ; t erres * 
trial, 534; thermoelectric, 562 
Currents on currents, reciff 0211 
actions of, 528; upon nia| nel *’ 
action of, 518; action of magnets 
and of the earth on, 536 ; induction 
hay, ujb; tnagnefiSssKnon Vij, r SSr '• 
secondary, 556 

Curvature of the earth’s surface, 94 
Curvilinear motion, J7 
Cut out, 510 
Cyclonic systems, 311 
CyBnder, Faraday s, 445 



D’Arsonval galvanometer, 523 
' Dead-beat galvanometer, 523 
Dead-points, 381 
Decimation, magnetic, 420 
Decomposed force, a® 

Decomposition of light, 371 ; water, 
S 12 

Definition of a microscope, 396 
j Degrees, Fahrenheit, 217 ; Reaumur, 

! 217 

De la Rive's experiments, 559; floater, 
53 * 

Deliquescent salts, 270, 292 
Density, of liquids, see Specific 
gravity 

Density, 2; of gases, 247; maximum, 
of water, 244 

Determination of the figure of the 
earth, 66 
Developer, 402 

Deviation, of compass. 438; semi¬ 
circular, 428 ; quadrantal, 4 =8 
Dew, 304 ; point, 293 
Dial telegraph. 53B 
Diamond, refractive index Of, 362 
Diaphanous bodies, 325 
Diaphragms in lenses, 387 
Diathermaneity, 233 
Diatoms, 396 
Diatonic scale, 188 
Dielectric, 463; strength, 4 6 3 ■ con¬ 
stant, 464 ; polarisation, 464 
Differential thermometer, 220 
Diffused light, 334 

Diffusion of liquids, 78 ; of gases, 147 
Digester, Papin's, 264 
Dionysius, ear of, 177 
Dioptric telescope, 392 
Diosmose, 78 
Dip, magnetic, 423 
Dipping needle, 423 
Direct vision, spectroscope, 37 6 
, an. fauna,, rpa, 

Discharge, slow and instantaneous, of 
a Leyden jar, 465 

Discharger, Henley's or universal, 471 
Discharging rod, 462 
Dispersion of light, 371 
Dissected Leyden jar, 467 
Dissolving views, 399 
Dissonance, 18$ 

Distance of distinct vision. 407; focal, 
of double convex lens, 362 
Distillation, 27a 
Distilled water, no 
Diurnal change, 423 
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Diverging lenses, 360 
Divided circuit, 512 
Diving bell, 164 
Divisibility, 10 
Dominant chords, 189 
Double-action engine, 280, descrip 
tion of, 281 
Double weighing, 52 
Doublers, 450 

Dove's law of rotation of muds 310 
Drum armature, 553 
Drum of ear, 171, 310 
Dry battery, 506 
Dryplate photography, 404 
Ductility, 81 

Dust figures, Kundt's, 205 
Dynamoelectnc machines, 553 
Dynamometer, 25 

E AR, 2to, trumpet 183 
Earth currents, 485 
Earth, determination of hgure of 66 , 
flattening of, at the poles. 33, radius 
of, 3}, as a conductor, 541 
Ebullition, 261 , laws of, 262 
Eccentric, a8t 
E.chelon lenses, 370 
Echoes, 179 

Efficiency of accumulators, 516 
Egg, electric, 456 

Elastic force of aqueous vapoui, 23b, 
fluids, 118 

Elasticity, 13, 14, 79 
Electric discharge, effects of 469, 
chemical effects of 471, magnetic 
effects of, 475, physiological effects 
of. 470 

Electric, light, 511, spark, 451, stra¬ 
tification of, 557, electric bell, 43* ■ 
attraction and repulsion, 433, 
chimes, 453, condensers, 461, 
machine, 446, pendulum, 430, 
whirl, 455, conductors and non¬ 
conductors, 434, conductivity, 528 , 
tension, 440, density, 44 J > poten¬ 
tial, 442 ! capacity, 443 , charge, 
443; induction, 444, senes, 430 , 
screens, 439; aura, 453, orrery, 
455, inclined plane, 455, egg, 
456, battery, 466, thermometer, 
471; portraits, V 2 > arc » 5 11 ► 
resistance. 525 , units, 527» tele * 
graph, 538 i transmission of power, 
554; spark* 451. 473. theory- 

43 » 


Electricity, 429, atmospheric, 477, 
484, chemical effects of, 474, cur¬ 
rent, 492, 507 , in chemical actions, 

491 , by friction, law of, 436 , lumin¬ 
ous effects of, 469, heating effects 
of 471, induction, 444, mechanical 
effects of 473, on the surface of 
bodies, 437, sources of, 429, 
tension of, 440 
Electrochemical series, 513 
Electrodes, 495, 513 
Electrodynamics, 528 
Electrogilding 515 
Electrolysis, 513 
Electrolyte, 513 
Electromagnets, 537 
Electrometallurgy 514 
Electrometer, Henley s, 447 
Electromotive force, 494, 507 , senes, 

494 , , 
Electronegative and electropositive 

elements, 513 , senes, 494 
Electrophorus, 448 
Electroscopes, 430, gold-leaf, 438 , 

condensing, 468 

Electrostatic pressure, 441, induction, 

4-V4> 4^4 
Electrotype, 514 
Elements 3 
j Emission theory, 323 
Emissive powei, 231 
E-nergv, 69 

Engines, tire, 161 , high pressure, 
285, 286 
Elolipyle, 279 
Epinus s condenser 461 
Equality of pi essure tn liquids, 85 
Equation of tune, 369 
Equilibrium, of forces, 30, of bodies, 
47, 48, of floating bodies, 106, 
liquids 93-98 

Equivalence of heat and work, 3*5 
Erratic blocks, 106 
Escapement, 64, wheel, 64 
Ether, 6, 323 
Eustachian tube, 210 
Evaporation, 260 , cold due to, 208, 
latent heat of, 267 
Evaporometer, 260 
Excavator, 154 

Expansibility of gases,'7, 118, 12a 
Expansion, 213, 239, of gases, 245, 
246, cold produced by, 321, ot 
liquids, 243; real or apparent. *431 
of solids, 239, 240 
Extension, 8 
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EYE 


GRA 


Eye, structure of, 406; piece of a j 
microscope, 39$; tube of a tele- ; 
scope, 390; white of, 406 

FAHRENHEIT degrees, 217; by- 
r drometer, na 
Falling bodies, laws of, 55 
Falsetto voice, 909 
Fata Morgana, 356 
Feed pump and cold-water pump of 
a steam-engine, a80, 384 
Fiddle, 198 

Figure of the earth, 33, 66 

Filtering fountain, 11 

Filtration, ta 

Finder of a telescope, 390 

Fire, engines, 161; pump, 379; St. 

Elmo's, 486; screen, 334 ; fly, 334 
Fish, swimming bladder of, 108 
Flame, 318 
Flash-point, 357 
Flask, specific gravity, xn 
Flint-glass lens, 386 
Float, a88 

Floater, De la Rive's, 531 

Floating bodies, 106 

Fluids, aeriform, 7; elastic, 118; 

vital, 488 
Flute, 194, 308 
Flying machines, 167 
Fly-wheel, a8i 
Focal distance, aa8, 36a 
Foci, 362; acoustic, 177: and images, 
366 

Focus, 177, 239, 343; conjugate, 
345, 361 i virtual, 346, 364 
Fogs, 300 

Footj cubic, 113; pound, 68, 385 

Force, centrifugal, 31, 33 ; pump, 160 

Forces, 33-30 

Forecasts, weather, 311 

Fortin's barometer, 131 

Foster’s apparatus, 509 

Fountain, filtering, it; Hero's, 155; 

intermittent, 156 ; in vacuo, 151 
Franklin's lightning-conductor, 484; 
experiment cm ebullition, 363; kite, 
477 

Fraunhofer's lines, #4 
Fleering mixtures, 354 
French units, M3 
Frequency, vibration, 19a 
Fresnel'S lenses, 370 
Friction. #91 etec tr& tf ty.jjfi; heat 
to, 313 1 w h— -Aix,, 


Frictional and voltaic electricity, 
identity of, 493 
Fulcrum, 35 
Fulgurites, 483 
Fundamental, 194 
Fuse, electric, 510 

Fusion, 348; laws of, 349; of ice, 
350, 377 ; vitreous, 348 


f^ALI LEO'S telescope, 389 
Gallium, 377 
Gallon, 113 
Galvanic shock, 508 
Galvani's experiment, 488 
Galvanometer, 531 ; tangent, 523; 

D'Arsonval’s, 533 
Galvanoplastics, 514 
Galvanothermometer, 509 
Gamut, 188 

Gases, 7, n8; absorption of, 148; 
thermal, conductivity df, 337; 
density of, 247; expansibility of, 
730 ; laws of mixture of, 147 , lique¬ 
faction of, 374 ; coefficient of ex¬ 
pansion of, 345 ; weight of, S 3 i 
Gases and liquids, mixture eh, 14^ 
Gauge, air-pump, 150 
Gauss and Weber's electromagnetic 
telegraph, 538 

Gay-Lussac’s alcoholometer, 116; 

siphon barometer. 133 
Geissler's tubes, 557 
Geological piano, 199 
Ghost scenes, 405 
Giffard's injector, 169 
Glaisher's factors, 393 
Glasses, burning, 369 
Glasses, harmonicon, 199 
Glasses, weather, 138 
Globe, luminous, 458; lightning, 480 
Glotlis, 909 
Glow-worm, 324 
Glueing, 73 
Goldbeaters skin, 8a 
Goldleaf, 8s ; electroscope, 438 
Goniometer, reflecting, 349 
Governor, 383 
Gradient, barometric, 31* 

Grain, 113 
Gramme, 113 
Gramme's machine, 553 
Graphite, six; gas, 501 
Graveaande's ring, 313 
Gravitation, 39 
Gravities, specific, no 



Index 


7Si 


The references are to paragraphs 


GRA 

Gravity, 40, 45 , centre of, 45 , flask, 
11a; battery, 500 , measurement 
of the force of, 64 
Greenhouses, 234 
Gridiron pendulum, 243 
Grindstone, 37 
Grove s cell, 502 
Guitar, 198 
Gulf Stream, 97, 397 
Gutta-percha, mould m, 514 


H ail, 306 

Halo, accidental 382 
Hammer, water, 55 , of piano, 198 
Hardness, scale of, 80 
Harmonic triad, 189 
Harmomcon, glass. 199 
Harmonics, 164, 206 
Harp, 198 

Hawksbee's air-pump, 149 
Heat, an, absorbing power, 230, 1 
applications, 234 , a condition of j 
matter, ait , colour of, 233 , dif j 
ferent sources of, 3x2, disengaged 
during condensation, 271 , form of : 
motion, 211 , due to friction 313, 
due to pressure and percussion, 
314 , general effects of, 212 inter¬ 
change of, 226, law of reflection of, 
227 , latent, of water, 250, light¬ 
ning. 480, radiant, 223, refraction 
of 369, reflection of, from concave 
mirrors, 228 , specific, 276, terres¬ 
trial, 317, transmission in vacuo, 
324 

Heaters of steam boilers, 287 
Heating by steam, 371 
Heating effects, of current, 509, of 
electric discharge, 471 
Heeling error, 438 
Height of the atmosphere, 141 
Heights determined by barometer, 
140; by the boiling point, 266 
Heliograph, 349 
Hehostat, 349 

Helium, 377 , . 

Heimbolu's researches on sound, 194 
Hemispheres, Magdeburg, 125 
Henley's discharger, 471; electro¬ 
meter, 447 
Hero's fountain, 156 
Herscbel's telescope, 393 
High-pressure engine, 285 
Hoarfrost, 304 
Hooke's barometer, 137 


INF 

Hope s experiments on the maximum 
density of water, 244 
Horizontal magnetic force, 424 
Horn, 208 
Horse power, 286 
Horseshoe magnet, 436 
Hughes's microphone, 561 
Human voice, 209 
Humboldt's isothermal lines, 298 
Hurricane. 307 

| Hydraulic lift press, 92, tourniquet, 

: 88 

Hydrogen density of 247 
I Hydrometers, m-116 , Nicholson’s, 

I in 

1 Hydrostatic balance, 103, m, it*, 
paradox 90 

Hygrometnc state of air, 293 
: HygToroetry 291 
Hygroscopes and hygrometers 292, 
293 

Hygroscopic substances, 291 
Hypsometer, 266 


E, calorimeter, 277 , expansive 
force of 251 , friction on, 23 , 
fusion of, 277 , latent heat of, 250 , 
machine, 254, 321 
Icebergs, 251 , fields, 251 
Iccpail experiments 445 
Images, 338 , accidental, 382 , after, 
382 , and foci, 368 , in concave 
mirrors, 347 , multiple, 341 , real, 
347, 366 , and virtual, 338, 367 ; 
reversed, 340 , symmetrical, 338 
Imbibition, 77, 78 

Immersed bodies, equilibrium of, xo6 
Impenetrability, 9 
Impermeable strata, 103 
Impulse, 24 

Incandescent lights, 511 
Incidence, angle of, 227, 332 
Inclination compass, 423, magnetic, 
423 

Inclined plane 56, bodies falling on, 
57 , mirrors, 342 

Indium, 377 , . , 

Induced currents, rotation of, by 
magnets, 559 , . 

Induction, coils, 556, by the earth, 
549, by currents, 54®- electricity 
by, 444, magnetic, 4* 6 . hy uiag- 
nets, 416, 549: machines, 449 
Inertia, 20, 3t 

Influence, electric, 444, machines, 449 
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Ingenhaus's apparatus, 335 
Injector, Giffard’s, 169 
Inkstand, siphon, 158 
Instruments, mouth, 208 ; wind, 208 ; 
optical, 388 

Insulating bodies, 435; stool, 45a 
Insulator, Mascart's, 435 
Intaglio, 409 

Intensity of musical sound, 185 
Intermittent fountain, 157; springs, 
163 

Intervals, 189 
Invisible concert, 174 
Ions, 513 
Iris, ^06 

Irradiation, 383 
Isobarometrie lines, 311 
Isobars, 311 
Isochimenal lines, 298 
Isochronism, 6a 
Isoclinic lines, 423 
Isogeo thermal lines, 298 
Isogonic lines, 430 
Isotheral lines, 298 
Isothermal lines and zone, 298 


T AR. Leyden, 465 
J Jets of water. 101 
Joule's equivalent, 315 
Jupiter, 329 

K aleidoscope, 34a 

Kamsin, 309, 487 
Kathode, 513 
Ration, 513 
Keeper of magnet, 426 
Kepler's telescope, 390 
Key of a Morse's telegraph, 538, 543 
Key-mote, 190 
Kienmayer's amalgam, 447 
Kilogram metre, 68, 386 
Kinetic energy, 69 
Kinematograph, 379 
Kirchhoff and Bunsen's researches, 
376 

Kite. Franklin’s, 477 
Knife-edge, 50, 51 
Krypton, wq 
Kundt's dust figures, 305 


■J ABYRINTH, 
s —4 Lactometer, 


310 

«7 


Lamps, standard] 331; arc, jn ; 
Incandescent, 511 


Land breeze, 309 
Larynx, 209 

Latent heat, 350 ; of vapour, 367 
Lateral, pressures, 88 ; discharge, 484 
Latitude, influence of, an tempera¬ 
ture, 296, magnetic, 423 
Lavoisier and Laplace's ice calori¬ 
meter, 277 
Layer, surface, 76 
Leclnnchd s battery, 503 
Leech, cupping effect of a, 143 
Length, unit of, 25, 113 
I-enses, 360; achromatic, 386; crown- 
glass, 386; different kinds of, 360; 
flint-glass, 386; principal axis of, 
361; double convex, 362; real 
images in, 366; virtual images in, 
3&7 

Leslie s cube, 229; differential ther¬ 
mometer, 220 

Level, of liquids, 94, 95 ; water, 99; 

spirit, 100; true and apparent, 95 
Levelling staff, 99 

Levers, 35 ; applications of, 37; arms 
of, 35 , effect of, 36 
Leyden jar, 465 ; discovery of, 460; 

dissected, 467 
Lift, hydraulic, 92 
Lift pumps, 159 

Light, 333 ; absorption of, 323 ; de¬ 
composition of, 371 ; diffused, 334 ; 
homogeneous, 372 ; dispersion of, 
371; electric, 411; intensity of, 
330; propagation of, 326 ; recom¬ 
position of, 378; reflection of, 333 ; 
scattered, 334; sources of, 324; 
velocity of, 329 
Lighthouses, 370 

Lightning, 480, 481 ; effects of, 482 ; 
ascending, 482; conductor, 484, 
546; globe, 480 

Limit of magnetisation, 423, 533 
Line, neutral, of a magnet, 411 
Linear expansion, 239 
Lines of force, 530 

Liquefaction of gases, 274; of vd- 
pours, 270 

Liquids, 7; buoyancy of, 89 ; con¬ 
ducting power of, 236; equilibrium 
of, 93,96; expansion of, 243; fixed, 
255; level of, 94; pressures from, 
87; specific gravity of, na ; super¬ 
posed. 98; volatile, 255 
Litre, M3 

Local attraction, 428; action, 497; 
battery, 547 
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Lodettone, 410 
Long Oort galvanometer, 521 
Long sight, 407 
Longitudinal vibrations, 190 
Loops, 305 ' 

Loudness of musical sound, 183 
Low-pressure engine, 285 
Lullin s experiment, 473 
Luminiferous ether, 323 
Luminous paint, 324, globe and tube, 
45 ® > effects of voltaic electnciti 

511 

TLTACHINE 34 weighing 54 
AT1 - Mackerel sky 301 
Magdeburg hemispheres, 125 
Magic lantern 397, pane 457 
Magnetic attraction and repulsion 
412, batteries 426 declination 
420, variation 420 storm 420, 
moment, 418 427 dip 423 

equator, 423, effects of electric 
discharge, 475, induction, 416 
meridian, 420, needle 410 412, 
518, poles 412, 423 stone, 410 
substances, 415 , field, 418 
Magnetisation by the earth, 425 by 
currents, 537, limit of, 435 533 , 
by magnets. 425 

Magnetism, theory of 414, Amperes 
theory of, 533 , and electricity, re 
lations between 317, of iron ships 
428, subpermanent, 428 
Magnetoelectnc machines, 551 
Magnets, action of current upon, 518 , 
of the earth on, 419, consequent 
poles of, 411 distribution of mag¬ 
netic force in, 411, induction 
by, 331, natural and artificial, 
410 

Major chord. 189 , semitone, 189 , 
tone, 189 
Malleability, 82 
Manhole, 287 

Manometer, 145; compressed air, 
143, open air, 143 
Mare's tails, 301 
Mariner’s compass, 421 
Mariotte's law, 144 
Marioye's harp, 199 
Masoart’s insulator, 435 
Mason's hygrometer, 293 
Mass, 2 
Matter, * 

Maximum density of water, 244 


| Maximum thermometer, 221 
Mean time, 369, temperature, 201; 

duration of lightning, 481 
Mechanical, effects of discharge 
473 equivalent of heat, 313 
Mellom s thermomultipher, 233 
Melsens’ lightning protection, 484 
Melting-points, 248 
Meniscus lenses 361 
Mercurial thermometers, 2x3-217 

Mercury frozen, 269 
] Meridian, magnetic 420, quadrant 
of 114 

Metallic rods, sounds by, 176 
i Metallochromy cic 
Metalloids 2 
Metals 2 
Meteorology 204 
Metre, 113 
Metronome 67 
Microphone, 561 

Microscopes, 394 compound, 396 
origin and use of, 396 , oxyhy&o- 
I gen 400, photoelectric, 400 solar 
400 

Minimum thermometer, 221 
1 Minor chord, 189, semitone, 190 
1 tone, 189 
Minotto s element 300 
Mirage, 336 

Mirrors, 336, aperture of concave, 
228 , applications of, 349 , burning, 
228, concave, 228, 343, pi me, 
337 spherical, 343 
Mists 300 

Mixture of gases, 147 of gases and 
liquids 148 

Mixtures, method of, 277 
Mobile equilibrium of temperature, 
226 

Molecular attraction, 3, 72 
Molecules, 5 

Moment, magnetic 418 427 
Momentum, 69 
Monochord, 197 
Monochromatic light, 372 
Monsoon, 309 
Morin’s apparatus, 39 
Morse s alphabet, 343, key and re¬ 
ceiving instrument, 543, telegraph, 
537 - 54 ° 

Motion, 16; accelerated, 19, uniform, 
18; uniformly accelerate^ ig ; re¬ 
tarded, 19 

Motor, 34, electric, 534 

JC 
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Mouth, 209; instruments, aoo; piece, 
aoi 

Multiple echoes, 179 ; images, 341, 
Multiplier, 521 

Muschenbroeck's Leyden jar, 460 
Music, 170 

Musical boxes, 199 ; compound tones, 
194 ; intervals, 199 ; scale, 188 ; 
sound. 184.: temperament, 191 
Myopy, 407 


VT ASCENT state, 72 
-l' Needle, dipping, 423; mag¬ 
netic, 4121 telegraph, 538 
Negative photograph, 402 
Neon, 119 

Neutral equilibrium, 48 
Neutral line, 413 

Newcomen and Cawley's firc-p U mp, 
gle-action machine, 280 



aty of. 247 
Nobili's thermoelectric pile, 564 
Nocturnal radiation, 32a 
Nodal lines, aoo 
Nodes and loops, 305 
•Noise, 184 

Non-conductors, 434, 45a 
Non-metallic bodies, 4 
Norwegian stove, 238 
Notes, fixed and variable, 208 
Nutcrackers, 37 


/ABJECT-GLASS, 388 
V/ OM&'teetemef/W'ter'fsatellite, 
329 

Oersted's discovery, 518 
Ohm, 507 
Ohm's law, 1 


Opaque bodies, 3 3 5 
Open {ripes, laws of, 206 

Opera-glasses, 389 
Optic nerve, 406 

Optical centre, 361; instruments, 388 
“ *,*°7 


4 S 5 


Gnra a 

Orrery, 


PLA 

Oscillating, motion, do; discharge, 
4^9 

Oscillation, 170; amplitude of, 60; 
1 of pendulum, 62 
I Otto von Guericke's air-pump, 449; 
! electric machine, 446 ; hemi- 
; spheres, 125 
i Outcrop, 103 
j Overtones, 194 
! Oxygen, 119; density of, ag? 

Oxyhydrogen microscope, 400 

Ozone, 474, 482 


PALLETS, 64 
1 * Pandean {ripe, 208 
Papin’s digester, 264 
Parachute, 168 
Paradox, hydrostatic, 90 
Parallel mirrors. 342 
Parallelogram, Watt's, 280, of forces, 
27, 28 

Pascal’s experiment, 91; on atmo¬ 
spheric pressure, 127; law 8s. 86 
Pedal, 198 

Pendulum, 60; application of, to 
clocks, 65; compensation, 242; 
compound, 61; electric, 430; 
simple, 61; laws of, 62 ; demonstra¬ 
tion of laws of. 63 
Pentane standard. 331 
Penumbra, 328 
Percussion, heat due to, 314 
Period, 60 

Periscopic glasses, 360, 407 
Permanent gases, 274 
Permeable strata, 103 
Perspective, afirial, 325 
Perturbations, magnetic, 430 
Phantasmagoria, 398 
Phantoms, 398 
Pbenakistoscope, 379 
Phial of loot elements, q& 
Phosphorescence, spontaneous, 324 
Photoelectric microscope, 400. 401 
Photography, 402 
Photometer, 330; Bunsen's, 331 
Physics, definition of, 1 
Physiological effects of the electric 
discharge, 470, 508, 557 
Piano, 198 
Piezometer, 84 
Pigments, 38a 
Pirn, tower of,'49 

Pitch, 183; concert, >92; pipe, soy 
Plane, inclined, 56; mirrors, 336-342 
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PLA 

Plante's battery, 516 
Plumb line, 43 
Pluviometer. 303 

Pneumatic, clocks, post, 154 ; syringe, 
3*4 

Points, power of, in electricity, 441; 

Wollaston's, 474 
Polar aurora, 485 
Polarisation of the plate, 497, 516 
Polarity, austral and boreal, 419 
Poles and electrodes, 495 
Poles, flattening of the earth at, 33; 
of the magnet, 411, 412 ; magnetic 
of the earth, 423 
Pores, 6, 11 
Porosity, 11 

Positive plate of a voltaic couple, 
494 

Positives on glass. 403 
Post, pneumatic, 154 
Potential, energy, 6g; electric, 442 
Pound, avoirdupois, 113 
Powers, mechanical, 34 
Presbyopic, 407 
l’resbyopy, 407 
Press, hydraulic, 92 
Pressure, atmospheric, 123; conden¬ 
sation of gases by, 274 ; equality of, 
85 ; heat due to, 314; homontal, 
87: lateral. 88; of an atmosphere, 
128 ; on a liquid, 263; on a body 
in a liquid, 104 ; supported by a 
man, 143 

Primary, coil, 548 ; tones, 194 
Principal focus, of mirror, 344; of 
lens, 362 

Prism, 358; paths of rays m, 359; 

totally reflecting, 359 
Prismatic compass, 422 
Proof, plane, 430 

Propagation of light, 326 ; of sound, 
173 ' >74 

pseudoscopes, 409 
Psychrometer, 293 
Pumps, 149, 134, 159, 160 
Pupil of the eye, 406 
Pyrheliometer, 316 
Pyrometers, 223 
Pyrophorus noctilucus, 323 


Q uadrant electroscope, 447 

Quadrant of the meridian, 113 
Ouadrantal deviation, 428 
Quality, of musical sound, 185 
Quartt, threads of, 81 


RET 

R adiant heat, 223,223 

Radiating powers, 231 
I Radiation, laws of, 225 ; solar, 316 
Radius of the earth, 33 
Railway brakes, 154 
Rain, 303 ; gauge, 303 
Rainbow, 384 

Ramsden’s electric machine, 446 
Rarefaction, measurement of, 150 
Ray, incident, 223, 333,350; reflected, 
333.35° 

Real expansion, 243 
Real image, 347 ; in double convex 
lenses, 366 ; and virtual images, 

„ 338, 347 
Rdaumur scale, 217 
Receiver, t49, 150; air-pump, 149 
Recomposition of white light, 378 
Reed instruments, 203 
Refining of copper, 515 
Reflected ray, 332, 350 
Reflecting telescopes, 392 
Reflection, of heat, 227, 228; internal, 
355; of light, 332; from trans¬ 
parent bodies, 340; regular, 334; 
irregular, 334 ; of sound, 177; 
specular, 334 

Refracting substances, 352 
Refraction of sound, 178; of light, 
350; of heat, 369; angle of, 350; 
change of, to reflection, 355; ex¬ 
perimental proofs of, 353 ; laws of, 
351; limit of, 355; various effects 
of, 354; through prisms and lenses, 
357-365 

Retractive index, 351 
Refractory substances, 248 
Refrigerating rooms. 321 
Regulator of steam engine, 280. 283; 

of electric light, 511 
Regulus, 249 
Reis’s telephone, 560 
Relay, 547 

Repulsion, magnetic, 4121 electric, 433 
Residual, charge, 465; magnetism. 
425, 553 

Resinous electricity, 431 
Resistance, electric, 434,507; specific, 
507 ; box, 527 ; frictional, of air, 56 
| Resistances, 22, 35 
Resonance, box, 192; globes, 193; 

of air, 193 
Resonator, 194 
Rest, 16 

Resultant forces, 26, 27, 29 
Retina, 406 
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RET 

Return shock, 483 
Reverberation, 179 
Reversed image, 338 
Rime, 304 
Robinson's anemometer, 307 
Roget's vibrating spiral, 539 
Rope-dancing, 49 
Rosse's telescope, 393 
Rotation of induced currents, 559; 

law of the, of wind, 310 
Rubbers, electric, 446 
Rubidium, 377 
RuhmkoriTs coil, 556, 557 
Romford's calorimeter, 319 
Rupert’s drops, 81 
Rutherford s thermometers, 321 


S AFETY, catch, 510; valve, 264, 
289; whistle, 390; belt, 109 
Salt garden, 360 
Salter’s spring balance, 35 
Salts, deliquescent, 370, 293; from 
sea water, 360 
Sap, its rise in plants, 76 
Saturated space, 358 
Saturation, state of the air, 304; of a 
magnet, 435 

Saussure's bygroscope, 392 
Savart’s toothed wheel, 187 
Scale, of thermometer, 217; musical, 
188 

Scale-pans of a balance, jo 
Scattered light, 334 
Scintillation of stars, 356 
Scissors, a form of lever 37 
Sclerotica, 406 
Screens, electric, 439 
Sea, breeie, 309; pressure at great 
depths id, 90 
Secondary coil, 548 
Secondary, rainbow, 3B4 ; cells, 5th 
Seconds pendulum, 65 
Secular variation of magnetism, 430, 

SeJf-wduction, 549 
Self-registering thermometer, 221 
Semicircular deviation, 438 
Semiconductors, 434 
Semitones, too 
Series wound dynamo, $35 
Serum, to 

Shadow, 338; geometrical, 338 
Shaft, horitotttal, of a steam-engine, 
«8r 


SPE 

Shells, resonance of sound m, 294 
Shooting stars, 313 
Short coil, galvanometer, 531 
Short sight, 407 
Shunt, 336 

Shunt wound dynamo, 555 
Siemens' electric experiment on the 
Pyramids, 487 
Simoom, 309 
Simple microscope, 394 
Singing of liquids, 361 
Single-action steam-engine, 280 
Siphon, 162; barometer, rja; ink- 
stand, 258 
Siren, 186 
Sirocco, 309 
Sixe's thermometer, 221 
Sleet, 305 
Slide valve, a8a 
Sling, 32 

Slow discharge of a condenser, 462 
Snow, 305 
Snow-line, 296 

Solar radiation, 316; spectrum, 37t; 

nme, 369 
Soldering, 72 
Solenoids, 530, 533 
Solidification, 251 

Solids, 7; conductivity of, 335 ; ex- 
j pansion of, 239, 340 ; specific 

, gravity of, m 
I Solubility, 253 
j Solution' 253 

Sonometer, 197 
Sonorous body, 170 
Sound, 170; Intensity of, 187 ; limit 
Of perceptible, 187, post, 198; 
production of, in pipes, 301; pro¬ 
pagation of, 170,174; reflection of, 
177 i refraction of, 178 ; transmis¬ 
sion of, in tubes, 181; not propa¬ 
gated in vacuo, 173; velocity of, 
175; in liquids and solids, 176; 
waves, 171 
Sounder, 544 
1 Spark, electric, 449, 451 
Speaking trumpet, 183; tube*, iSi, 
183 

Specific gravity, no, 348; table* of, 

; 1 13; bottle, its; bulb, 344; flask, 

I m ; of liquid*, iza; properties of 
> bodies, 8; of solids, m, tis 
j Specie heat, 375; of sofctls and %- 
! quids, 277; table of, 378 
( Specific inductive capacity, 464, 

1 Spectacles, 407 
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SPE 

Spectra, of sun, potassium, sodium, 
etesiunt, rubidium, 576, 377 
Spectroscope, 376, 377 
Spectrum, 371, analysis, 375 • colours 
of, 372, effects of, 373, dark lines 
„ 374 

Speculum, 392 
Spherical aberration, 387 
Spiral thermometer, 241 

Spirit-level, 100 

Spray-producer 169 

Sprengel s air-pump, 153 

Spring galvanometer, 532 , balance, 

Springs, 102 , intermittent 163 
Stable equilibrium, 48, 49 
Standard candle, 331, lamp, 33 t 
Stars, shooting, 313, twinkling of, 
3i6 

States of matter 7 
Staubbach, 55 

Steam boiler, 287, engine, 279-285 , 
whistle, 202, 290 
Steel, magnetisation of, 425 
Steeling copper plates, 516 
Steelyard, 53 
St. Elmo s fire, 486 
Stereoscope, 409 
Stethoscope, 181 
Stills, 272 
Stilts, 49 

Stool, insulating 452 
Storage batteries 5x6 
Strata, permeable 103 
Stratification of the elect™, light, 557 
Stratus clouds, 301 
Straw, fiddle, 199 
Stream lightning, 480 
Streams of water, 102 
Stringed instruments, 198 
Strings, transverse vibrations of, 196 
Structure of the eye, 406 
Subdominant chords, 189 
Subjective phenomenon, 382 
Submarine telegraph wire, 540 
Subpermanent magnetism, 428 
Subterranean wire, 540 
Suction pump, 159 
Sunshine recorder, 369 
Superficial expansion, 239 
Superposed liquids, 98 
Surface, 6; atmospheric pressure on, 
128; tension, 76 

Suspension, axis of, of a balance, 50 
Swimming, 109 j bladder of fishes 108 
Swinging ship, 428 


TRA 

Symmer's hypothesis, 432 
Synnge, pneumatic, 13, 314 


TANGENT galvanometer, 52a 
Tantalus's cup, 162 
Tare, 52 

Telegraph dial, 538 , electric, 538; 

line wire, 540, Morse s, 542 
T civ phone, 360, string, 174 
Telescopes, 388-393 
Temperament, musical, 191 
Temperature, 214 , of the air, 296 , 
mobile equilibrium of, 226 
Tempered steel, magnet of, 410 
Tempering, 81 
Tempest 307 
Tenacity, 79 

Tension, 14, of gases, 118, of elec¬ 
tricity 440 

Terrestrial current, 534 , heat, 317 , 
telescope, 391 
Test objects, 396 
Thallium, 377 
Thaumatrope, 379 
Thermal unit 275 
Thermo-barometer, 266 
Thermoelectric pile 564, senes, 563 
1 hermoelectricity 562 
Tbeimometers 215 alcohol, 218, 
differential, 220, graduation of, 

216 mercurial, 215, scale of, 216, 

217 , spiral, 241 
Thermo-multiplier, 514 

Thiloner s exjjertment, 274, oulicjue- 
faction of gases, 274 
Thunder and lightning, 480, 481 
Timbre, 185 
Time, 369 

Tone, major and minor, 189 
Tonic chords, 189 
Top, at 
Torpedo, 154 

Torricelli’s experiment, 126, vacuum, 
*3? 

Torsion, 14 

Tourniquet, hydraulic, 88 
Tower of Pisa, 49 , of Bologna, 49 
Traction, 25 
Trade winds, 309 
Transformation of energy, 70 
Transformer, 558 
Translucent bodies, 325 
Transmission of power electric, 554 
Transmitter, microphone, 561 
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Transparent bodies, 3*5: colours of, 
381; reflection from, 340 
Triangle, 199 
Trombone, 908 
True time, 369 

Trumpet, speaking, 182 ; ear, 183 
Tube, graduation of barometer, 130 ; 

luminous, 458 ; speaking, 181 
Tuning-fork, 19a, 199 ; normal, 192 
Turbine, 88 
Turning-table, 33 
Twaddell's hydrometer, n6 
Twilight, 334 
Twinkling of stars, 356 
Tympanum, 171, 210 


U NDULATIONS, heat due to, 

311 

Undulatory theory. 323 
Unipolar magnet, 413, 444 
Unison, »88 

Unit of length, 25; thermal, 319; 
of work, 286 

Units, British, m 13; French, t>3 : 
electric, <27 

Universal discharger, 471 
Unstable equilibrium, 48 
Ultra-violet rays, 373. 455 


TTACUUM, r S 2 ; Torricellian, 133 ; 
v formation of vapour in, 236 
Valve, chest, 282; slide, 282; safety, 
289 

Vane, electric. 455 
Vanes, wind, 307 

Vapour, 118; quantity which satu¬ 
rates a space, 239; latent heat of, 
267 

Vapours, »«; elastic force, 256 ; 
formation m a vacuum, 257, 258 ; 
liquefaction of, 270 
Variable winds, 309 
Variation, magnetic, 420 
Variations, barometric, 135 
Velocity, 18 j of felling bodies, 55, 
58; of sound, 175, 176; of light, 
329; of wind, 307 
Ventral segment, 20} 

Vergias. 365 

Vertical lines. 4a; pressure, 89 
. Vibrating spiral, 529; wire* 535 
1 Vibration, 170 •, of plates, aco 


Vibrations of strings, 195; laws of, 
1 106, eg? ; in pipes, 206; rods, 198 

. Violin, 198 

! Virtual focus, 346, 363, 368 ; images 

' 338 . 347 , 3 ® 

Viscosity, 84 

Vision, mechanism of, 406 ; distance 
of distinct, 407 ; binocular, 408 
I Vital fluid, 488 

Vitreous electricity, 431 ; fusion, 
248; humour, 406 
j Voice, human, 209 
, Volatile liquids, 255 
1 Volt, 307 

Volta's cannon, 439; condensing 
electroscope, 468, fundamental 
experiment, 489 

Voltaic arc, 511; battery, 4B8; 
couple, 494; current, 491, 507: 
pile, 490 
Voltameter, 512 
Voltmeter. 527 
Volume, 8, no 
Vowel sounds, 209 


TX 7 ATER, decomposition of, 512 ; 
” voltameter, 512; hammer. 53; 
jets of, 101 ; supply, tor; latent 
heat of, 230; level, 99; maximum 
density of, 244 ; and mercury 
frozen in a vacuum, 269 
Watt's steam-engine, 280 
Wave, sound, 171; form, 323 
Waves, height of, 146 
Weather, its relation to barometric 
changes, 137; forecast, 311 ; 
glasses, 137 

Weighing machines, 34; method of, 
double, 52 

Weight of the air, 121; of a body, 41, 
44; of gases, 121 ; standard of, 
113 

Weight barometer, 139 
Wells, 102; artesian, 103 
Welsbacb light, 232 
Wet-bulb hygrometer, 293 
Wheatstone's invisible concert, 174; 

stereoscope, 409 
Wheel and axle, 37 
Wheel, Barlow's, Faraday's, 335; 
barometer, 138; escapement, 64; 
fly, 261; friction, 58 
* Whirl, electric, 435 
Whistle, safety, 290; steam, 202 



maex 


759 


WHl 


The referenda an to paragraphs 

ZON 


Whistling, 208 

White light, 371; recomposition of, 

?? 8 , 

Wild's magnetoelectric machine, 50 
Wimshurst's machine, 449 
Wind instruments, 208; channel, 
S04; chest, 205 ; vanes, 307 
Winds, 246, 307-310 
Wine-tester, 142 
Wire, vibrating, 535 
Wollaston’s battery, 496 
Work, 68; unit of, 286; rate of, 286 


2£ENON, 119 


VARD, 113 
Yoke, 537 


7 AMBO\TS dry battery, 506 
" Zinc-carbon battery, 501 
Zoetrope, 379 
Zone, isothermal, 298 
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